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ABSTRACT
Norwalk viruses cause epidemic diarrhoea in human adults; however, 
the viruses cannot be grown in the laboratory and this has limited their 
study. A ready supply of recombinant antigen has partially overcome 
this, but the immune response to these viruses tends to be type specific. 
In this study, an attempt has been made to make a more cross reactive 
antigen for use in diagnosis by removing the presumed 
immunodominant variable regions of the Hawaii capsid protein using 
two methods: partial proteolysis and genetic engineering.
In the proteolytic approach. Bromelain, Elastase, Chymotrypsin and 
Papain were used in an attempt to remove projections from the surface 
of the virus. The 58K protein was mostly broken down to 34K, 4 IK and 
43K. This virus-enzyme reaction was not easily controlled and could 
not be stopped by ice, aprotinin or a cocktail of protease inhibitors: 
Thus this method was not suitable for particle production and therefore 
the genetic engineering approach was pursued.
In the genetic approach, the caipsid gene of the Norwalk-like virus; 
Hawaii was manipulated to remove the variable, immunodominant 
regions. This gene was obtained in a recombinant baculovirus and was 
re-cloned into a more convenient expression vector adding a histidine 
tag. The variable region of the capsid gene was removed by PCR to
amplify the conserved separately and then ligating these together. 
Finally, the protein was expressed in Sf21 cells and the expression was 
confirmed by SDS gel electrophoresis.
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CHAPTER 1
INTRODUCTION
1.0. INTRODUCTION
1.1. ORGANISMS CAUSING DIARRHOEA
Diarrhoea is a serious cause of death worldwide and one of the disease areas 
specifically targeted by World Health Organisation (WHO). There are more 
episodes of diarrhoea in developing countries where deaths may approach 20 
million per year, mainly amongst children. This is due to poor hygiene, 
inadequate supply of clean water, poor sanitation and poor health education. For 
many years, diarrhoea was attributed mainly to bacterial (Salmonella, Shigella, 
Enteropathogenic E. coli) and protozoal (giardia lamblia. Entamoeba histolytica) 
infections. However, bacterial and protozoal infections did not account for all the 
diarrhoea cases and much of the remainder of diarrhoea cases (approximately 
50%) have been attributed to viruses. The etiologic agents responsible for viral 
diarrhoea were totally unknown until the discovery of Norwalk virus by immune 
electron microscopy (Kapikian et al, 1972). Rotavirus was discovered a year later 
by use of electron microscopy (Bishop et al, 1973). This was because of the 
inability to cultivate diarrhoeal viruses in cell culture. This was in contrast to the 
success in cultivating the many viruses causing respiratory tract infections such 
as measles, mumps and other viral syndromes. It was only when electron 
microscopy techniques were applied to the study of stool specimens that viral 
gastro-enteritis agents were discovered. In the following sections, those viruses 
causing diarrhoea in man will be briefly described. Special emphasis will be 
placed on caliciviruses since these form the major part of this work.
1.2.0. VIRUSES CAUSING DIARRHOEA
1.2.1. ROTAVIRUSES
These are the best known and studied diarrhoeal viruses and also the agents most 
responsible for medically important diarrhoeal diseases. They are the principle 
causes of gastro-enteritis of infants and young children worldwide (Neil 1990). 
Rotavirus is a member of Reoviridae; ‘reo’ standing for respiratory enteric 
orphan. Although reoviruses could be identified in the respiratory tract and gut, 
they were at first thought not to be associated with any disease hence ‘orphan’. 
Rotaviruses however, are clearly associated with symptomatic illness. Under the 
electron microscope, rotaviruses are highly distinctive, they are large viruses (70 
nm), often present in huge numbers, and possessing a double shelled capsid. 
Their outer margin is smooth and radial projections of the inner capsid appear 
like the spokes of a wheel giving the particles their name. Rotaviruses possess a 
double stranded RNA genome separated into 11 segments, and are classified 
serologically into 6 groups, A to F of which groups A, B and C can be found in 
both humans and animals. Groups D, B and F are found only in animals. Among 
the groups found in humans, group A is the most widespread.
1.2.2. ENTERIC ADENOVIRUSES
Adenoviruses are widely recognised causes of respiratory and ocular infections. 
However, the only serotypes that are closely associated with diarrhoeal disease 
are serotypes 40 and 41. These cause endemic diarrhoea of infants and young 
children. The incubation period for the disease is between 3 and 10 days, with
illness lasting about a week; this is longer than for the other enteric viral 
pathogens. Persistent shedding of virus has been observed for months after the 
disappearance of symptoms. Long term immunity is thought to be acquired 
during childhood infection. (Chiba et al, 1980; Uhnoo et al, 1986). Adenoviruses 
are also readily recognisable under the EM and consist of obvious icosahedral 
particles, 70-75nm in diameter. The viruses contain a double stranded DNA 
genome.
1.2.3. ENTERIC CORONAVIRUSES
The role of these agents in human diarrhoea is not certain but enteric 
coronaviruses are better characterised in cattle and pigs. The virus particles are 
enveloped and pleomorphic in appearance; their surface is covered with club 
shaped projections from which the viruses take their name. Human coronaviruses 
are thought to be highly fragile and are not often observed and consequently are 
poorly characterised. Other viruses of this family contain a single stranded 
positive sense polyadenylated genome of approximately 20,000 nucleotides in 
length
1.2.4 ASTROVIRUSES
Astro viruses were first described in 1975 as a result of EM studies of an outbreak 
of diarrhoea amongst new-borns in a maternity unit. The viruses derive their 
name from their distinctive appearance under the electron microscope; 
Astroviruses have a smooth outer margin and a 5 or 6 pointed star motif is visible
in their centre (Madeley, 1979). Surveys conducted using the electron 
microscope (EM) showed that astro virus infection occurs worldwide. A major 
advance in the ability of laboratories to diagnose astrovirus came as a result of 
the finding that the virus could be grown in a continuous cell line of colon 
carcinoma cells (CaCo2) (Willcocks et al, 1990). The development of enzyme 
immunoassays (EIAs) for detecting viruses in stools showed that astrovirus is a 
significant cause of diarrhoea in developing countries (Thailand 8.6%, 
Guatemala 7.3%) and may be second only to rotavirus as a cause of symptomatic 
illness. Astroviruses have been isolated from man, pigs, cows, dogs, cats, sheep 
as well as in birds. There are at least 7 human astrovirus serotypes. Studies in UK 
have shown that astrovirus type 1 is generally the prevalent strain accounting for 
65% of the cases although the situation may change periodically, recently more 
cases of astrovirus type 4 have emerged. Infections due to astrovirus occur 
throughout the year with peaks in the winter months.
1.3.0. CALICIVIRUSES
Caliciviruses take their name from the characteristic cup-like depressions 
observed on the virions under the EM (calyx, a cup). Calicivirus virus particles 
are 30-40nm in diameter, non enveloped, and they have been found to be 
widespread in nature. The type virus of the group is Vesicular exanthema of 
swine virus (VESV). Other viruses include San Miguel Sea lion virus (SMSV) 
(Smith et al, 1973), Feline calicivirus (FCV) (Bolin 1957), the human 
caliciviruses (HuCV) which include Norwalk virus (Madeley and Cosgrove
1976), canine caliciviruses (CCV) (Schaffer et al, 1985), Avian caliciviruses 
(ACV) and many isolates from other animals including reptiles and some marine 
mammals. Transmission between humans and animals has been reported in San 
Miguel Sea Lion virus (serotype 5) where it was recovered from a laboratory 
worker who developed systemic illness including vesicular lesions on the palms, 
fingers, soles, and toes (Smith et al, 1998). Transmission from dog to human 
(Humphrey et al, 1984) and from cats to man has been suggested but this is not 
well established. There is evidence for transmission between animal species 
(pinnipeds to pigs through animal feeds). Vesicular exanthema of Swine (VESV) 
is closely related to SMSV and is believed to have entered the pig population by 
inclusion of uncooked sea lion meat in swill. Human caliciviruses cannot be 
grown and thus information is taken from studies of the animal viruses.
Caliciviruses contain an RNA genome of positive sense which is approximately 
7.6kb in size and is polyadenylated. Attached to the 5’ end is a covalently linked 
protein termed VPg (Burroughs and Brown, 1978; Schaffer et al, 1980; Meyers et 
al, 1991). They replicate in the cytoplasm causing cell lysis (Oglesby et al 1971, 
Burroughs and Brown 1974 and later reviewed by Schaffer, 1979). Caliciviruses 
were originally classified as members of the Picomaviridae. This is because they 
possess some similarities in biophysical properties and cytopathic effects to the 
Picornaviruses. Indeed motifs similar to the Picomavirus 2C protein, 3C cysteine protease, 
and 3D RNA-dependent RNA polymerase were later identified in both feline and 
rabbit caliciviruses, and sequences similar to the Picomavirus VP3 is present in
the structural proteins of feline caliciviruses, rabbit caliciviruses and San Miguel 
Sea Lion virus. However, caliciviruses are unusual amongst the animal viruses in 
that the virion is composed of many copies of a single structural protein which 
ranges in apparent molecular weight from 58K to 62K (Burroughs and Brown, 
1974; Schaffer and Soergel 1976; Greenberg et al, 1981). This feature and their 
distinctive morphology were sufficient to separate the caliciviruses into a distinct 
family the I Calicivindae. Sequence analysis also showed that the genomic 
organisation of caliciviruses is different from that of the Picornaviruses in that 
Caliciviruses encode the non structural proteins at the 5’end while the structural 
proteins are encoded at the 3’end of the genome often in a separate open reading 
frame. In Picornaviruses, this order is reversed (Fenner, 1976; Neil, 1990; 
Meyers et al, 1991). Thus the sequence information confirms their classification 
as a separate virus family. Both picomaviral and calici viral nonstructural proteins 
mature by specific viral protease activity during a proteolytic cascade.
1.3.1. BEST CHARACTERISED MEMBERS
1.3.2. VESICULAR EXANTHEMA OF SWINE VIRUS (VESV)
VESV was identified in pigs in 1932. Clinically, the infection resembles foot and 
mouth disease with which it was at first confused. High fever is sometimes 
followed by severe diarrhoea, vesicular lesions on the tongue, lips, snout and 
between the toes. Virus can be found in all tissues of the infected pig with traces 
in the urine and faeces. Outbreaks in the USA were controlled by policies of 
slaughter and strictly enforced cooking of swill. In 1972, closely related viruses
were found infecting sea lions in California. Pigs experimentally infected with 
the sea lion virus came down with a typical vesicular exanthema. Similar viruses 
have been isolated in an ocean fish. It has therefore been suggested that VESV 
arose from a marine reservoir by the feeding of uncooked sea foods to pigs. 
Severity of the disease varies depending on the strain.
1.3.3. SAN MIGUEL SEA LION VIRUS (SMSV)
SMSV was first isolated by Smith and colleagues from California sea lions 
undergoing spontaneous abortions (Smith et al 1973). These workers described a 
virus that had striking similarities to VESV but was not neutralised by any VESV 
antisera. Since that time, at least 16 serotypes have been isolated. SMSV is 
characterised by Vesicles or wart-like lesions which occurs on the tail and 
flippers. SMSV 5 was originally recovered in 1973 from the flipper of a severely 
affected Northern fur seal in St Paul Island in Alaska.
1.3.4. RABBIT HAEMORRHAGIC DISEASE VIRUS (RHDV) AND 
EUROPEAN BROWN HARE SYNDROME (EBHS).
Rabbit haemorrhagic disease was first described in China in 1984 (Liu et al, 
1984). RHDV causes haemorrhages in the respiratory system, liver, spleen, 
cardiac muscles and in rare circumstances, in the kidneys. The disease is highly 
contagious and fatal to both domestic and wild rabbits with mortality rate of 60 
to 90%. However, animals less than two months old tends to survive infection. 
European brown hare syndrome affects wild and farmed hares throughout the '
world resulting in high mortality rates especially in adult animals. The 
pathological features of hares infected with EBHS are similar to those found in 
rabbits affected by RHDV and like RHDV, EBHS seems to have arisen only 
recently as a significant pathogen (Ohlinger et al, 1990; Parra and Prieto, 1990). 
In RHDV and the closely related European brown hare syndrome virus 
(EBHSV), the ORE for the non-structural proteins is fused to the capsid as a 
continuous coding sequence (figure 1.1) creating a giant polyprotein occupying 
94% of the viral genome. The other ORE, located at the 3’ end of the genome 
encodes a basic protein of 117 amino acids (Meyers et al, 1991, Milton et al., 
1992, Clarke and Lambden, 1997).
1.3.5. FELINE CALICIVIRUS (FCV).
Feline caliciviruses are associated with respiratory disease in cats which in most 
cases is limited to the upper respiratory tract. The disease ranges from mild to 
severe respiratory disease and pneumonia. Ulcerations occur in the oral cavity 
(stomatitis) and viral shedding may persist from the nasal pharyngeal region for 
two weeks post infection. Symptoms also include stomatitis, conjunctivitis and 
sometimes diarrhoea. Complications such as the development of polyarthritis 
(limping syndrome) have also been reported. Persistent infections are often 
established in which animals recover and appear healthy but continue to shed 
virus. Although some of these "carriers" do spontaneously clear the virus, others 
may continue to shed infectious virus, possibly for the remainder of their lives. 
Feline calicivirus can be propagated in tissue culture using Crandell Reese feline
Kidney (CRFK) cells. The complete sequence of FCV has been determined and 
specifies three open reading frames (ORFs) (Carter et al 1992a). The first ORF 
encodes the non structural protein , . ; and contains motifs characteristic of the 
RNA dependent RNA polymerases, and picomaviral proteins such as the 3C 
cysteine protease and 2C helicase (Neil, 1990). The second ORF : ■ i" ic 3; . 
; : encodes the major structural protein which forms the vims capsid (figure 
1.1). The mature capsid protein (62kDa) is synthesised from a precursor (76KDa) 
which is proteolytically cleaved (Fretz and Schaffer, 1978; Carter et al, 1989; 
Carter et al, 1992b). The third and smallest ORF, first reported by Carter et al, 
(1992), encodes a protein of 106 amino acids. This protein has since been 
observed in all calicivimses, and although it does vary in sequence, it is always 
basic. At present, its function is unknown.
1.3.6. HUMAN CALICIVIRUSES (HUCV).
Human Calicivimses were identified in the 1970s as a cause of gastro-enteritis. 
They have a high attack rate among both children and adults especially in semi­
closed communities such as families, hospitals, residential homes, schools, 
universities, and cmise ships (Greenberg et al, 1979b; Kilgore et al, 1996). 
Symptoms include vomiting, diarrhoea, abdominal pains, nausea, malaise, 
pyrexia and anorexia. The infection is spread through contaminated water and 
food, especially shellfish. Seasonal epidemics caused by human calicivimses do 
occur, as do sporadic cases throughout the year. Human vimses were traditionally
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RHDV 10H
5314 7329
Poly protein 1763 aa
76905308 106 aa
Capsid 671 aa
7326 7646
Poly protein 2344 aa
7044
Capsid 7437
5305 117aa
7025 7378
igure 1.1. Diagrammatic representation of the two different genome organisations in 
caiciviruses (sequence analyses have revealed two fundamentally different 
Rangements of the open reading frames on the calicivirus genome). The FCV genome 
as three potential ORFs whereas in RHDV, the non-structural protein ORF is fused to 
1 9 9 7 )^^ generating a single large polypeptide. (Clarke and Lambden,
separated on the basis of their morphology: those with a fuzzy, indistinct outline 
were grouped with the small round structured viruses, whilst those with a typical 
calicivirus appearance (displaying clear cup-like depressions on the surface) were 
termed human caliciviruses. The best known examples of the former are Norwalk 
and Hawaii viruses, whilst Sapporo falls into the other category. Recently cryo- 
electron microscopy studies have revealed an underlying similarity in the 
structures of both viruses.
1.4.0. THE NORWALK VIRUS (NY)
Norwalk virus is the major viral cause of outbreaks of explosive diarrhoea and 
vomiting in older children and adults. It was the first viral agent to be definitively 
associated etiologically with human gastro-enteritis (Blacklow et al, 1972; 
Kapikian et al, 1972). However, even though epidemic nonbacterial gastro­
enteritis was described for the first time in 1929 by Zahorsky, Norwalk virus 
itself was not identified until 1972 when Kapikian et al used immune electron 
microscopy to detect particles in faecal material derived from a 1968 outbreak of 
gastro-enteritis in Norwalk, Ohio. The virus appeared fuzzy under the electron 
microscope. At first this was attributed to a coating of antibody but is now known 
to be a feature of the virus. Zahorsky had proposed the descriptive name “winter 
vomiting disease” for this nonbacterial gastro-enteritis because it occurred 
primarily in the winter months (between September and March). The reasons for 
this periodicity are unknown. Norwalk virus is known to be transmitted person to 
person by contaminated water, contaminated food (especially uncooked shellfish)
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and contaminated individuals. Recent work has suggested that shellfish may clear 
virus contamination more slowly in the winter and this could result in more 
introductions of virus into the community by this route during the winter. 
However, it is doubtful that this can fully explain the periodicity. Viruses in this 
group have generally been named by the location where they caused an outbreak 
of acute gastro-enteritis and they include the Hawaii agent which is used in this 
study. Snow Mountain agent, Montgomery County agent and Norwalk virus 
itself.
1.4.1. IMMUNOLOGY AND EPIDEMIOLOGY
The mechanisms responsible for resistance or susceptibility to illness with the 
Norwalk-like viruses are not clear and levels of Norwalk virus-specific 
antibodies in serum have not been associated with long-term immunity to illness 
in challenge studies. A study of prevalence of Norwalk virus (NV) antibodies in 
adults in different parts of the world showed that most adults in both developed 
and developing countries had antibodies to NV. However, it was of interest that 
none of the adults sampled in a highly isolated Ecuadorian Indian tribe in Gabaro 
possessed serum antibodies to NV. Antibody prevalence levels by age in the 
USA are very low in childhood, and rapidly rise during adolescence and early 
adulthood, reaching about 60% of the population by middle age. In developing 
nations such as Bangladesh, Thailand and the Philippines, antibody prevalence 
levels rise at the earlier ages of 2 to 6 years (Greenberg et al, 1979a; Cukor et al, 
1980; Black et al, 1982; Rynder et al 1985; Gray et al, 1993). In another study
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(Cukor et al, 1982) 12 volunteers who were challenged with the NV in two 
occasions, 27 to 42 months apart, showed two different results. Six of the twelve 
volunteers developed gastro-intestinal illness following the initial challenge and 
they developed it again following rechallenge. In contrast, the other six 
individuals failed to become ill following the initial challenge and were also 
resistant after rechallenge. The above studies indicate that the rise in serum 
antibody seen after Norwalk illness appears to be a marker for infection in 
susceptible individuals but may not protect from reinfection. It was also observed 
that Norwalk virus infection could occur in the presence of serum antibodies. 
Conversely the work of Parrino et al, (1977), who investigated serial challenge of 
volunteers, implied that persons with low titres were not necessarily more 
susceptible to symptomatic infection. Scientists have proposed different 
explanations for these observations. Some propose that there is a genetically 
determined variation in the virus receptors in the intestinal tract that may 
influence susceptibility. Others propose that several infections may be necessary 
to induce adequate immunity. This would indicate that the resistant volunteers 
had more naturally occurring previous exposures to the virus than the susceptible 
volunteers. However, although it is clear that immunity to NV infection is not 
long lasting and that repeated illnesses throughout life would seem possible, this 
would not explain the resistance to infection of persons with low antibody levels 
whilst those with higher levels became infected; some other factor, perhaps 
genetic, may be involved.
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1.4.2. CLINICAL FEATURES
Volunteers infected with Norwalk virus commonly develop vomiting and 
diarrhoea, often associated with headache and abdominal discomfort. Illness 
develops following an 18 to 48 hours incubation period and is self limited, 
generally lasting for 12 to 48 hours (longer period in immuno-deprived 
individuals). Some patients also experience anorexia, myalgia, fever and chills. 
In children, vomiting occurs more frequently than diarrhoea whereas in the 
adults, it is the reverse. Usually, naturally occurring Norwalk illnesses are mild; 
However, a few exceptions have been noted: Three middle-aged persons were 
hospitalised for severe dehydration in two outbreaks; two elderly debilitated 
patients died on the third and seventh days after onset of gastroenteritis (diffuse 
atherosclerosis was considered the cause of death); and three patients in a nursing 
home outbreak required intravenous fluids but were not hospitalised (Kaplan et 
al, 1982; Kapikian et al, 1990).
Norwalk virus gastroenteritis is accompanied by a mucosal lesion of the proximal 
small intestine that is characterised by damage to villous absorptive cells, 
infiltration of the lamina propria by polymorphonuclear leukocytes and 
mononuclear cells, and villous shortening with crypt hypertrophy. These changes 
are associated with malabsorption of d-xylose, lactose and fat and revert to 
normal within two weeks of the onset of illness. However, these changes may 
also develop during asymptomatic infection (Schreiber et al, 1974; Kapikian et 
al, 1990)
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Norwalk virus disease usually occurs in an epidemic fashion, common source 
outbreaks frequently occur via faecal contamination of food and water. Outbreaks 
typically occur in certain "closed" settings: recreational camps, cruise ships, 
nursing homes and schools. Major outbreaks have been traced to consumption of 
uncooked or partially cooked oysters, cockles, clams, or shellfish that have been 
harvested from sewage polluted estuaries. Shellfish are a common vector for the 
virus since they remain able to transmit viruses for a much longer period (4-6 
weeks) than they retain ability to spread pathogenic enteric bacteria (24-48 
hours). Other major outbreaks have been attributed to discharge of sewage into 
drinking water supplies, or into pools and lakes in which people swim. Animal 
spread can also not be ruled out, for instance, an infection in an old-persons 
home was tentatively linked with illness in a dog kept at the home which 
developed a gastric upset before the infection appeared in humans. Later, 
serology showed that the dog had antibodies to HUCV-UK3, the virus identified 
in the outbreak (Humphrey et al, 1984).
Disease due to Human caliciviruses has been reported in two main 
epidemiological patterns. In the first pattern, exemplified by HUCV-UKl and the 
Japanese agent, the illness is limited to infants and young children. Most cases 
present with diarrhoea (96%) with or without vomiting (77%). The illness lasts 
from one to eleven days. In the second epidemiological pattern, the attack rates 
are high in adults and symptoms resemble those of the Norwalk viruses with a 
preponderance of vomiting over diarrhoeal episodes. This form of illness has
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been associated with UK3 and 4 strains. However this pattern of illness may be 
due more to the host than to the virus and viruses seem to produce a distinct 
pattern with more diarrhoea in the young, and more vomiting in the older 
individuals. (Cubitt et al, 1987; Reviewed by Carter et al, 1991).
1.4.3. STRUCTURE OF NORWALK VIRUS RNA
Norwalk virus RNA was cloned and sequenced from virus purified from the stool 
of infected volunteers ( Jiang et al 1992a, 1993, Matsui et al 1991). The positive 
sense RNA genome has a sequence of 7642 nucleotides excluding the 3’ poly (A) 
tail.
The genome has three open reading frames (ORF). The first ORF is the longest 
and is at the 5’ end of the cDNA in frame +2 and starts at the first AUG 
nucleotide (ntl46) initiation codon and ends with a termination codon at nt 5359 
(figure 1.2). This ORFl encodes a protein of 1739 amino acids with a molecular 
weight of 193,000. Seven in-frame AUG initiation codons are located in the first 
1100 nt of the NV genome of which only the first AUG (nt 146-148), the fifth 
AUG (nt 953-955), and the seventh AUG are favoured initiation codons (Jiang et 
al, 1993). Homologues to picomaviral 2C, 3C and RNA dependent RNA 
polymerase motifs have been identified within ORFl of Norwalk virus (Jiang et 
al, 1993).
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The second ORF is in reading frame +3. It follows the first ORF but overlaps by 
a few bases (0RF2 overlaps 14nt with the 3’ end of ORFl) and encodes a protein 
of 530 amino acids with a molecular weight of about 58K. It starts at nt 5346 and 
ends at nt6935. 0RF2 encodes the viral capsid protein that self assembles into 
empty particles when expressed in recombinant baculovirus. This 0RF2 is the 
focus of interest in the work described here.
The third ORF is also in reading frame +2 of the cDNA and starts at nt 6938 with 
the A of the initiation codon being the final nucleotide of the stop codon for ORF 
2. It terminates at nt 7573. ORF 3 encodes a protein of 212 amino acids with a 
molecular weight of 22.5K. It codes for a protein whose functional properties are 
not yet clear. Some workers suggest that ORF 3 may be involved in nucleic acid 
binding (Neil 1990^ i ’
1.4.4 PARTICLE STRUCTURE
Norwalk virus capsid exhibits icosahedral symmetry and the structure of the 
empty virus-like particles (rNV) formed by expression of this protein in 
baculoviruses has now been investigated by Cryo-Electron Microscopy. The 
single type of capsid protein has the general structure as in figure 1.4 and can 
adopt slightly different conformations. When assembled into a particle, the P2 
domains touch at each end, giving rise to a series of characteristic arches, which 
encircle the 2, 3 and 5 fold symmetry axis (figures 1.3a and 1.3b). Consequently,
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Figure. 1.2. Schematic diagram of the genomic organisation of NV based on analysis of 
the nucleotide sequence. Three ORFs are shown, (i) ORFl, that is a polyprotein and 
contains regions of amino acid similarity to the 2C helicase, 3C protease of poliovirus, 
and the 3D RNA-dependent RNA polymerase of other RNA viruses; (ii) 0RF2, that is 
the capsid protein' and (iii) 0RF3 that codes for a protein of unknown function. 
Arrowheads show locations of AUG initiation codons. Jiang et al, (1993). The location 
of an immunoreactive region (IR) reported by Matsui et al, (1991), and the site of the 
beginning of a 34K cleavage product of the capsid protein detected in insect cells are 
also indicated (Jiang et al, 1992b).
the main feature of rNV particles is the presence of 90 of these arch-like 
capsomers which are classified into two types based on their locations with 
respect to the icosahedral axes of symmetry. The first type of capsomers are 
designated type A and includes those surrounding the icosahedral 5-fold axes. 
The two sides of the type A arch are referred to as Al and A2 subunits. These 
two subunits are not strictly equivalent. The Al side is closer to the 5-fold axes 
and the A2 side is closer to the icosahedral 3-fold axes. The second type of 
capsomers, designated type B include the arches located at all the strict 2-fold 
axes of the icosahedral structure. Each of the two sides of type B arch is a B 
subunit. Both of the B subunits are equivalent and are closer to an icosahedral 3- 
fold axes. Each type A capsomer is surrounded by two type B and two type A 
capsomers while each type B capsomer is surrounded by four type A capsomers. 
This forms rings of arches around all the vertices of the virus and this generates 
the distinctive cup-like structures observed in Electron microscopy and from 
which the viruses were originally named (figure 1.3a). All proteins subunits have 
the general structure as in figure 1.4.
1.4.5. ANTIGENIC VARIATION
Early attempts to characterise human caliciviruses antigenically led to complex 
results. Since the viruses could not be grown, supplies of sera and antigens were 
always limiting and separate systems of classification grew up around the world 
and these were not readily comparable (Reviewed by Carter et al, 1991). Five 
serotypes of human caliciviruses (HuCVs) have been defined by immune
2 0
Figurel.3. Surface representation of the 3D structure viewed along the 2-fold axes (a) 
and the icosahedral 2-fold axis (b). Two types of projections, A and B, and a set of 
icosahedral symmetry axis are marked. In each particle, there are 60 type A projections 
and 30 type B projections related by icosahedral symmetry axis (Prasad et al, 1994)
P2
Figure 1.4. The diagram is showing the a, S (shell) domain which is wedge-like in 
structure (when the virus is assembled, these wedges fit closely forming a closed shell), 
b, FI domain (connecting stem region) which has a thin and flexible junction (hinge 
region) with the S domain and rises as a column from the shell. C, P2 domain (globular 
head region) which is at the end of PI. P2 is a box-like structure that creates a T-shape 
to the projection. One arm of the T is smaller than the other one giving the impression 
of a sharp bend in the projection. It is assumed that in caliciviruses, the hinge region 
provides the necessary flexibility for the coat protein to adopt to quasi-equivalent 
environments (Redrawn from Prasad et al, 1994).
electron microscopy (IBM). Four were found in the UK (HUCV-UK 1-4) and one 
in Japan (HUCV- Japan). Although distinguished by IBM, all five serotypes are 
probably related since a radioimmunoassay (RIA) detects cross-reactions 
between four of them, and some reactivity to small round structured viruses 
(SRSVs) was also detected. This suggests the existence of a group antigen. These 
five serotypes were found worldwide although lack of suitable reagents and 
adequately equipped laboratories prevented firm identification and cross­
comparisons in most countries. There are thought to be four or more serotypes of 
SRSV defined by IBM, although characterisation is incomplete. In particular, 
there has been little cross-characterisation of isolates from the UK and Japan 
with those from the USA. Recently, an attempt has been made to rectify this 
situation and selected Small Round Structured Viruses (SRSVs) were grouped 
into four preliminary serological groups by IBM. Recent data from Japan suggest 
that there may be as many as nine antigenic types. Data on the relationships 
between viruses are difficult to interpret. However, it is possible to assemble the 
data into groups of presumptive similarity but not identity. This suggests that 
there are four distinct groups of similar viruses reported from several sources. 
These groups are the Norwalk group (which is comprised of SRSV-UK2, SRSV- 
Japan 2), the Hawaii group (SRSV-UK3, Otofuke, Sapporo, SRSV-Japan 6, 7), 
the Snow Mountain group (SRSV-UK4, SRSV-Japan 8, 9) and the Taunton 
group (SRSV-UKl). SRSV-Japan 4 and 5 are provisionally assigned to the 
Norwalk group but data are not complete. SRSV-Japan 1 and 2 are distinct from 
SRSV-Japan 3-9 and from each other and therefore cannot both be classified
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with UKl. Consequently it can be deduced that there are a minimum of five to 
six such virus groups in total. Other reports have sometimes used different 
techniques to compare SRSVs and this can make the data difficult to interpret. 
IBM seems to detect type specific antigens and differentiates well between 
viruses. However, western blotting, radioimmunoassay (RIA) and 
enzymeimmunoassay (BIA) find increased cross-reactivity even between SRSV 
and HUCV and may reflect the presence of group antigens. For this reason, there 
has been an attempt to clarify the basis and extent of antigenic variation using 
sequence data (in parallel, there has also been a growth of "genotyping" of 
viruses using sequences in the RNA polymerase. In general, this generated 
similar results).
Conventional serotyping was possible with many of the animal viruses which 
could be grown in the laboratory. This showed that feline caliciviruses for 
instance comprised a single serotype, whilst SMSV comprised 16. However, 
even amongst feline caliciviruses there was considerable local variation. Variable 
regions of protein sequence were first observed in the feline calicivirus capsid 
protein by Milton and colleagues (1992), who described a highly variable region 
bisected by a short region of complete conservation (Figure 1.5). This pattern of 
variation was similar to that of foot and mouth disease virus where variable 
sequences flank a conserved RGD integrin-binding motif of the virus. 
Presumably the variable regions act as immune distracters. It is therefore 
believed that the variable-conserved-variable regions of animal caliciviruses
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represent surface exposed determinants, probably associated with virus-cell 
binding. Later, the same regions were termed A-E (Seal et al, 1993). These 
regions are less marked in human calicivirus but have been identified and are 
termed regions 1, 2 and 3 (figure 1.6a) (Lew et al, 1994).
Analysis of the capsid proteins of Norwalk virus (NV), Southampton virus 
(SHY), desert shield virus (DSV), and Toronto virus (TV), a human calicivirus 
(previously termed “ minireovirus” ) demonstrated that most of the conserved 
amino acids were located in the amino terminal half and the far carboxy-terminal 
end of the proteins. As in figure 1.6a, regions 1 and 3 were found to be more 
conserved. The organisation of these regions conserved-variable-conserved 
resembles those observed in the animal caliciviruses and suggests that these areas 
may have some functional significance. Perhaps the conserved regions are 
responsible for shared (group-reactive) antigenic sites and the variable regions 
for unique antigenic sites. Region 1 (aa 1 to 280, NV numbering) is well 
conserved among different strains and is the region believed to form the 
underlying shell domain of the capsid protein structure. Region 2 (aa 281 to 404) 
is the region of greatest sequence variability. Region 3 (aa 405 to 530) is also 
relatively conserved but less conserved than region 1. Regions 2 and 3 are 
predicted to form the protruding arches in the assembled rNv particles (Hardy et 
al, 1996). Region 2 of Hawaii virus (HV) and other human caliciviruses generally 
corresponds to areas C and E in animal caliciviruses, region 1 generally
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corresponds to area B of animal caliciviruses and region 3 corresponds to area F 
of animal caliciviruses (Neill, 1992; Lew et al, 1994)
1.4.6. MOLECULAR ANALYSIS OF VIRUS VARIATION 
Comparative analysis of part of the polymerase sequence of Norwalk viruses 
have been used to predict overall genetic relatedness among the different isolates. 
Moe et al, 1994 used RT-PCR to compare the RNA-dependent RNA polymerase 
region (located in the 1st open reading frame) and the 3rd open reading frame 
(figure 1.7) of different Norwalk virus strains involved in Norwalk virus disease 
outbreaks and they found out that there was sequence diversity among the 
different Norwalk virus isolates.
At first sight, strain analysis based on non-structural proteins may not reflect 
more conventional serotyping that is based on immunity to structural proteins of 
viruses. Where sequence data from both regions are known, computer analysis of 
both the RNA polymerase region and the capsid region of Small round structured 
viruses (SRSVs) both divide SRSVs into two major genetic groups. Viruses in 
group 1 include the prototype Norwalk virus, Southampton virus (SHV), Desert 
Shield virus (DSV), and another Japanese isolate KY89 (Wang et al, 1994; 
Lambden and Clarke, 1995; Dingle et al, 1995; Brinker et al, 1998). Viruses in 
group 2 include the Hawaii virus, Bristol virus, Toronto virus and a Japanese 
isolate OTH-25. However, these analyses have shown that conventional antibody 
typings may not be accurately reflected by either method, and viruses in the same 
genogroup are not necessarily similar antigenically; for example; although NV
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and DSV395 belongs to the same genogroup by analysis of both polymerase and 
capsid sequences, hyperimmune sera developed from rNV capsid protein did not 
bind to DSV395 in Elisa suggesting that the capsid proteins of these two viruses 
have unique antigenic sites. HV and SMV belong to the same genogroup 
although lEM has shown that these two viruses are antigenically distinct 
reflecting sequence diversity in the capsid region (Moe et al, 1994). Phylogenetic 
analysis of the RNA-dependent-RNA polymerase regions of SMSV-YESV, FCV 
and NV have shown that FCV and SMSV-VESV groups show the greatest 
sequence similarity and interestingly represent the caliciviruses which can be 
propagated in vitro (Neill et al, 1995).
1.4.7. DETECTION AND DIAGNOSIS
Detection of Norwalk virus antigen in faecal specimens is complicated by the 
short duration of faecal shedding and, in contrast to rotaviruses and adenoviruses, 
the low concentration of virus in stool samples. Norwalk virus has been shown to 
be shed briefly, coincident with the peak of gastro-enteritis illness (Thornhill et 
al, 1977) and it is estimated that as much as 50% of the shed antigen is soluble 
protein (Kapikian et al, 1972). There is no cell culture system for the isolation of 
Norwalk virus and there is no animal model for infection. Electron microscopy 
(EM) is currently the best method used for detection and diagnosis of Norwalk 
viruses but the low level of Norwalk viruses in the human faeces during infection 
coupled with their small size and indistinct appearance makes this technique 
technically demanding. A sample that fails to reveal recognisable virus by direct
31
EM should be examined further by immunoelectron microscopy (lEM). 
However, this requires that a suitable serum be available. In the past this has 
meant a human convalescent serum, but this difficulty has recently been 
overcome due to the ready availability of antisera raised to those calicivirus 
proteins currently cloned and expressed in recombinant baculoviruses. However 
both EM and lEM techniques are expensive and not many laboratories have 
access to an electron microscope.
Direct RT-PCR of faeces using generic primers based on the RNA-polymerase 
encoding gene is also used. Although this method is not as expensive as the EM, 
it cannot replace the EM because human faeces frequently contain inhibitors of 
RT-PCR. Furthermore, sequence diversity amongst the Norwalk-like virus 
strains involved in outbreaks contribute to a low overall detection frequency 
(Moe et al, 1994). Thus EM remains the more sensitive method. 
Radioimmunoassay (RIA) can also be used in the detection of Norwalk virus. 
This method is based on the differential binding of Norwalk virus antigen to 
microtiter wells coated with anti-virus serum, usually raised to recombinant 
antigens. Even though the technique is as sensitive as lEM, it uses radioactively 
labelled reagents meaning that there are difficulties in its widespread application. 
Enzyme linked immunosorbent assay (ELISA) methods are based on the same 
general principles as the RIA but do not employ radioactively labelled reagents. 
ELISA and RIA techniques are also limited by the sera available. Capture 
antisera are usually raised to a given recombinant virus antigen and are often
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largely strain specific, thus both techniques tend not to be broadly cross reactive. 
Radioimmunoassay blocking technique (RIA-BL) and ELISA blocking technique 
(ELISA-BL) have been developed but the drawback is that they are strain 
specific. Both of these techniques could be improved if better sera were to be 
available, a more generally cross reactive capture/detector serum is required for a 
widespread applicability to screening, and more strain-specific detector 
antibodies (preferably monoclonal) could then be used in combination with a 
broadly reactive capture antibody for strain identification.
1.5. AIMS AND OBJECTIVES
As outlined above, there are currently several difficulties in widespread 
application of routine diagnosis and detection methods for Norwalk viruses. RT- 
PCR has been relatively successful but is expensive and many samples fail to 
react either due to presence of inhibitors or inherent sequence variability. rNV 
antigens have been used to produce specific antigens with which to detect virus 
in the patients stool. This has given a boost to sensitivity which was essential 
because virus particles are not seen in large numbers, but antibody to the 
Norwalk virus is not always cross-reactive, and again, many Norwalk-like 
viruses fail to react with this serum. This type of response suggests that antibody 
tends to be formed mainly to those areas that differ between viruses, or ultimately 
antibody produced has encouraged variability in those regions of the virus which 
are exposed to the surface.
33
As noted from figure 1.4, the PI and P2 domains constitute the surface 
projections (P) of the Norwalk virus. In virology, it is usual for the outside of the 
virus to be hydrophilic, variable and antigenic. Where projections from the virus 
surface occur, these would naturally contact a host cell first and this would 
usually contain the cell-binding site. In order to prevent antibody covering this 
site, these regions tend to be variable in sequence. Thus, although it has not been 
formerly demonstrated as X-ray diffraction studies are not available, it is 
assumed that the arch-like projections from the calicivirus surface will be formed 
from the variable regions of sequence.
The main aim of this project is to remove these variable regions from the capsid 
protein of Hawaii virus, to check if virus particles are still formed (by hypothesis 
these particles would be smooth in appearance because of lack of projections) 
and then raise antisera to this protein for evaluation in diagnosis possibly as a 
capture antibody for strain differentiation. The development of group specific 
antisera that can detect a wide range of different Norwalk virus strains is 
important objective as this would give a rapid, sensitive and specific method for 
detecting Norwalk and Norwalk-like viruses akin to that recently develop by 
DAKO for the detection of astro viruses (DAKO IDLE A, DAKO Diagnostics, Ely 
Cambridgeshire). This approach may also allow us to infer something of the 
requirements for particle assembly in caliciviruses such as requirement for the 
arches as a reinforcement to the particle structure, either in ensuring stability of 
particles once formed, or in permitting them to form in the first place.
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The starting point of this project is a recombinant baculovirus system containing 
the capsid protein gene of the Norwalk-like virus, Hawaii. This was produced by 
Dr Kim Green, National Institute of Health, USA and has been described in 
Green et a/, (1997) . This has been kindly provided for this study. We will attempt 
to remove the projections in 2 ways; firstly by proteolytic digestions, and 
secondly by genetic deletions. The altered protein will then be purified, tested for 
its capacity to form particles (genetic approach) or to remain particulate 
(proteolytic approach) and used to raise specific antisera for evaluation in lEM 
and ELISA.
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CHAPTER 2
MATERIALS AND METHODS
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CHAPTER 2. MATERIALS AND METHODS
Suppliers of materials used in this work are given in appendix 1, and common 
solutions are given in appendix 2.
2.1. CELLS AND VIRUS
The cells used throughout the study were Sf21 cells, a continuous insect cell line 
derived from Spodoptera frugiperda (fall army worm) and available commercially. 
The cells were grown at 28°C in TCI00 medium supplemented with: 10% heat 
inactivated foetal calf serum, 2mM glutamine, 50iu/ml penicillin, 50pg/ml 
streptomycin, 0.05mg/ml gentamycin.
When the cells had grown to confluence, the old medium was discarded, and cells 
were detached from the flask by pipetting up and down in a small volume of fresh 
medium. The cells were split in the ratio of 1:3, growth medium was added and 
cultures were incubated at 28®C for 4 to 5 days by which time they were confluent 
again and could be used for passaging or for storage in liquid Nitrogen. Virus 
infections were carried out when cells were 75% confluent.
2.1.1. STORAGE OF SF21 CELLS IN LIQUID NITROGEN
Growth medium was discarded from confluent monolayers and the cells 
resuspended in fresh growth medium (lOmls for every 80cm^ flask). Cells were 
collected by centrifuging at 1500rpm for 5 minutes and resuspended in freezing 
medium 1ml of freezing medium for every 80cm^ flask of cells (appendix 2). They 
were then aliquoted into 1.8ml cryovials and frozen slowly overnight at -70°C
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(freezing the cells slowly prevents uneven freezing of the intracellular fluid phase 
and the formation of disruptive large ice crystals within the cells). The next day, one 
vial was checked for viability. It was thawed rapidly in the 37°C water bath and 
transferred into a universal bottle containing lOmls of growth medium. This was 
spun at 1500rpm for 5 minutes to wash the DMSO off the cells which were then 
resuspended in fresh growth medium and placed in a 25cm^ flask and incubated for 
3 days. Medium was changed after 24 hours to remove any DMSO that had diffused 
from the cell sheet. Provided that viability was satisfactory, the other ampoules were 
transferred to liquid nitrogen storage.
2.1.2. GROWTH OF RECOMBINANT BACULOVIRUS HAWAII IN SF21 
CELLS
Recombinant baculovirus Hawaii virus ORF2 was given to us by Dr. K. Green, 
National Institute of Health, U.S.A and has been described (Green et al, 1993). Sf21 
Cells were grown to 75% confluence when the medium was discarded. The 
baculovirus was allowed to adsorb into the cells for one hour at room temperature at 
a multiplicity of infection of 5.0 pfu/cell. Fresh growth medium was added and the 
infected cells were incubated for 5-6 days at 28°C. They were checked for cytopathic 
effect every day.
2.1.3. EXTRACTION OF PROTEINS FROM SF21 CELLS
The cells were washed 3 times in PBS. They were then lysed using buffer ‘C’ 
solution (appendix 2) (400p.l to Ix 3mm dish of cells) and then put in a precooled
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Eppendorf tube. They were allowed to stand on ice for 5 minutes after which time 
they were centrifuged for 5 minutes at 1400rpm. The supernatant was carefully 
removed and mixed with an equal volume of 2x PAGE sample buffer and boiled for 
5 minutes. The samples were then analysed on Coomassie blue stain and Western 
blot.
2.2. PURIFICATION OF RECOMBINANT NORWALK VIRUS-LIKE PARTICLES 
USING CAESIUM CHLORIDE DENSITY GRADIENT CENTRIFUGATION
6mls of 20% sucrose was put into a 33ml centrifuge tube compatible to r  SW28 
rotor. The medium from the virus-infected cells was layered on top of the sucrose 
until the tube was almost full. This was then centrifuged at |27000 rpm for 2 V2 hours at 
4°C using SW28 rotor. The supernatant was discarded and the tube tipped onto a 
filter paper to drain all the liquid. The pellet was resuspended in 1ml of 1.362g/cm^ 
caesium chloride. This was put into a 5ml-gradient tube and filled with 1.362g/ml 
caesium chloride after which it was centrifuged at 35000rpm for 40 hours in a 
Beckman SW50.1 rotor at 20°C.The density gradients were unloaded by needle 
puncture and 10 fractions of approximately 0.5ml each were collected. The density 
of each was determined by use of a refractometer. 200ul of the gradient fraction, was 
mixed with 400ul of acetone and allowed to stand at room temperature for 10 
minutes after which they were centrifuged at 1400rpm for 10 minutes to precipitate 
proteins. Supernatant was removed and 50ul of 2x sample buffer added to the pellet. 
Proteins from each of the gradients were analysed on 10% polyacrylamide gels, 
stained with coomassie blue stain, destained and photographed. The gradients that
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gave a band of 58K were pooled together and the virus pelleted at 50,000rpm for 1 
hour at 4°C. The pellet was resuspended in lOOul of sterile distilled water and 
analysed by electron microscopy for the presence of virus like particles.
2.3. PRODUCTION OF HYPERIMMUNE SERUM TO HAWAII VIRUS IN 
THE RABBIT
The immunisation of the rabbit was carried out by a member of staff of the 
Experimental biology unit, University of Surrey. A rabbit was immunised with the 
purified 58K recombinant Norwalk virus capsid protein prepared as in section 3.2. 
The immunisation consisted of one intramuscular injection of the purified 58K 
protein in Freunds complete adjuvant with a dose of 300|Lig/0.5mls. This was 
followed by two booster injections 250|ig administered intravenously. A terminal 
bleed was taken one month after the last booster. The blood was allowed to clot, 
serum separated and aliquoted into small amounts and stored at -70°C until when 
needed.
2.4. IMMUNOFLUORESCENCE
Cells were infected in 25cm^ flasks at a moi of 5.0. At 1 day, 2 days and 3 days post 
infection, the infected cells together with their growth medium were transferred into 
a universal bottle and centrifuged at 1500 rpm for 5 minutes at 4°C to pellet the 
cells. The cells were washed twice with PBS, 5 minutes per wash. For each 25cm^ 
flask cells, 0.5mls of PBS was added and the cells resuspended gently. Positive and 
negative control cells were treated in the same manner. lOul of each set of cell 
suspension were placed onto multi-spot slides (Hendley, Essex). The cells were air
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dried for about two hours and fixed in cold acetone (at -20°C) for 20 minutes. lOjLil 
Hawaii antibody prepared as described (section 2 .3 ) at a dilution of 1:200 was put 
into all the wells. The slides were incubated in a humidified chamber for 30 minutes 
at 37°C, washed in 3 changes of PBS 5 minutes per wash. Excess fluid was wiped 
from the slide (especially around the wells) using absorbent paper and lOul of anti­
mouse conjugated to fluorescein isothiocyanate (in 0.1% naphthalene black) was put 
on to each well. The slides were incubated for 30 minutes in a humidified chamber 
at 37°C. They were then washed in 3 changes of PBS (5 minutes per wash), rinsed 
with distilled water and mounted with buffered glycerol mounting medium (pH 8.4) 
and covered with a coverslip. The slides were then examined for fluorescence using 
a fluorescence microscope (starting with the negative and positive controls).
2.5. ELECTRON MICROSCOPY
Full length capsid of Hawaii virus in Sf21 cells was purified by cesium chloride 
gradient centrifugation method. A plain slide was covered with parafilm and lOul 
the purified virus suspension put on the slide. The virus suspension was mixed with 
lOul of 0.1% bacitracin. Carbon coated 400-mesh grids were layered on top of the 
virus sample-bacitracin solution and incubated at room temperature for 5 minutes. 
Excess fluid was removed with the edge of a filter paper disc. The grids were stained 
for 1 minute with 2% phosphotungstic acid pH 6.8. Excess fluid was removed with 
the edge of filter paper disc. The grids were allowed to dry after which they were 
examined by transmission electron microscope.
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2.6. SDS POLYACRYLAMIDE GEL ELECTROPHORESIS OF PROTEINS
Polyacrylamide gels are formed by co-polymerisation of acrylamide and bis- 
acrylamide. Polymerisation is initiated by TEMED (tetramethylethylenediamine) 
and ammonium persulfate. TEMED accelerates the rate of formation of free radicals 
from persulfate and these in turn catalyse polymerisation. The persulfate free 
radicals convert acrylamide monomers to free radicals which react with unactivated 
monomers to begin the polymerisation chain reaction. The elongating polymer 
chains are randomly crosslinked by bis-acrylamide, resulting in closed loops and a 
complex web polymer with a characteristic porosity that depends on the 
polymerisation conditions and monomer concentrations.
Clean glass plates were assembled and a resolving gel (10 or 12%; appendix 2) was 
poured into the plates to about one centimetre below the expected position of the 
bottom of the comb. A layer of water-saturated butanol was added on top of the gel 
mix to ensure even polymerisation. The gel was allowed to set for about 45 minutes. 
The top of the gel was washed with water and the surplus liquid removed with a 
filter paper. A 4% stacking gel (appendix 2) was then poured on top and a comb 
inserted carefully avoiding the formation of air bubbles, The stacking gel was 
allowed to set for about 30 minutes, when the comb was removed and the wells were 
washed with water. The gel tank was assembled and electrophoresis buffer added to 
both reservoirs. Samples were boiled for 5 minutes in SDS PAGE sample buffer 
(appendix 2) and then loaded onto the gel; 15|il for the mini gel and 20|li1 for the 
large gel. Proteins of known molecular weight were used as molecular weight
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markers (Dalton markers, Sigma). Positive and a negative control samples were also 
included as appropriate. Electrophoresis was then carried out in Tris-Glycine 
electrophoresis buffer (appendix 2) at 150 Volts (mini gel) and 250Volts (large gel) 
for 45 minutes and longer depending on the size of the gel or until the tracking dye 
reached the bottom of the gel. The gel was then removed from the glass plates, 
proteins were fixed and stained with Coomassie blue stain (appendix 2). The gel was 
then destained until protein bands were well defined when the gel was 
photographed.
2.6.1. DRYING SDS-POLYACRYLAMIDE GELS.
A piece of dry 3MM paper was placed on the drying surface of the gel drier and 
another piece of damp 3MM paper was placed on top of the dry paper (this paper 
should be large enough to create a border, l-2cm, around the gel). The destained gel 
was then placed on top of the damp 3MM paper and covered in Saran wrap .The lid 
of the dryer was closed and suction applied so that the lid made a tight seal around 
the gels. Low heat of about 50-65°C was also used to speed up the drying and the gel 
was dried for about 2 hours. The heat was turned off, the suction stopped and the gel 
removed for storage.
2.6.2. SILVER STAIN METHOD FOR STAINING LOW AMOUNTS OF 
PROTEIN IN SDS GELS.
This procedure stains protein or nucleic acids in polyacrylamide gels. It cannot be 
used for agarose gels since it would stain the carbohydrate matrix of the gel. The
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basic mechanism of silver staining is the reduction of silver ions to metallic silver 
where they are complexed with a macromolecule; for example a protein, leading to 
the visible deposition of silver grains. In silver staining, two broad categories of 
staining procedures can be recognised; those involving chemical or light to develop 
the stain. In this project, chemical development was used. Following SDS 
Polyacrylamide gel electrophoresis (section 2.6), the gel was soaked for ten minutes 
successively in (1) 50% methanol, 10% acetic acid; (2) 25% methanol, 10% acetic 
acid; (3) 10% methanol, 0.5% acetic acid. The gel was then stained in 190mg/ml of 
silver nitrate in distilled water and rinsed three times in distilled water over 
approximately 5 minutes. To develop the stain, the gel was incubated with a solution 
made of 0.75M sodium hydroxide, 0.2% formaldehyde and a very small amount of 
sodium borohydride. When bands were visible, the gel was rinsed once quickly in 
distilled water and then rinsed again for about one minute in 66mM sodium 
carbonate to stabilise the pattern. The gel was rinsed twice quickly in distilled water 
before photography. If the gel needed to be stored, this was done in 10% acetic acid 
in the dark..
2.6.3. IMMUNOSTAINING OF WESTERN BLOT
Following PAGE, the gel was washed 3 times in transfer buffer. One sheet of 
immobilon Transfer membrane and 8 sheets of 3MM (3 millimetres) Whatman filter 
paper were cut to the same size as the gel. The electroblotting apparatus was set by 
removing the lid and the top electrode; 4 sheets of 3MM were made wet by dipping 
them in Transfer buffer and placed in a stack on the bottom of the apparatus. The
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Immobilon Transfer membrane was dipped briefly in 100% Methanol and then in 
Transfer buffer after which it was placed on the stack of the 3MM. The gel was then 
placed on top of the membrane and the remaining 4 sheets of 3MM put on top. The 
top electrode and the lid of the electroblotting apparatus were placed back and the 
proteins blotted from the negative (black) electrode to the positive (red) electrode for 
30 minutes at 10 volts making sure that the current does not exceed 5.5mAmps/cm^. 
The nonspecific sites were blocked overnight at 4°C in a blocking solution. The 
nitrocellulose was then washed 3 times in wash buffer (one wash of 20 seconds and 
2 washes of 10 minutes each. The Immobilon membrane was then incubated for one 
hour in 1:10,000 of the Hawaii antibody (prepared as in section 2.3) using the 
blocking solution as the diluent. The Immobilon membrane was washed 3 times as 
above and then incubated in 1:2,500 Anti-rabbit whole Immunoglobulin Horseradish 
peroxidase conjugate diluted with the blocking solution. The Immobilon was then 
washed 3 times as above and incubated with Chemiluminescent substrate for 5 
minutes at room temperature. Excess fluid was removed from the Immobilon after 
which it was placed between climfilm. The protected membrane was placed in a film 
cassette with the protein side facing up. The lights were then turned off except for 
the lights appropriate for film exposure (orange safe light). An x-ray film was 
placed on the other side of the cassette and the cassette closed and the film exposed 
by starting with 25 seconds and then exposure time adjusted until optimal results 
were obtained. The X-ray film was then developed and examined.
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2.7. EXTRACTION OF DNA FROM SF21 CELLS
1 X 25^ flask of Sf21 cells was infected with recombinant baculovirus expressing 
Hawaii virus capsid protein gene. After 24 hours, the cells were harvested and put 
into a 1.5ml microfuge tube. The cells were pelleted at 1500rpm for 5 minutes and 
the pellet washed once with 0.5ml PBS. The cells were resuspended in 250|l i1 TE 
buffer (lOmM Tris-HCl, pH8.0, ImM EDTA) and 250|xl cell lysis buffer (50mM 
Tris-HCl, pH 8.0, 5% 2-mercaptoethanol, 0.4% w/v SDS, lOmM EDTA) and mixed 
gently (at this point the lysate became viscous as the cells released DNA). 12.5|il 
Proteinase K (lOmg/ml in TE; freshly made and preincubated at 37°C for 30 minutes 
prior to use) and 2.5|il ribonuclease A (lOmg/ml heated to 100°C for 10 minutes 
prior to use) were added and the mixture incubated at 37°C for 30 minutes. The 
lysate was extracted with an equal volume of phenol/chloroform (50:50, equilibrated 
in 50Mm Tris-HCl pH 8.0) for 5 minutes. The organic and aqueous phases, were 
separated by spinning for 2 minutes in a microfuge and the aqueous phase harvested 
to a fresh tube. The DNA was precipitated by adding 50|il of 3M sodium acetate and 
two volumes of absolute ethanol (at this stage, a precipitate formed immediately). 
The DNA was pelleted for 5 minutes and the pellet washed twice with 75% ethanol. 
The DNA was air dried and resuspended in lOOjil TE buffer overnight at 4®C. The 
DNA was then incubated at 37°C for 10 minutes. If it was not to be used 
immediately, it was stored at 4°C.
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2.8. POLYMERASE CHAIN REACTION (PCR)
PCR allows the DNA from a selected region of a genome to be amplified. Regions 
of the sequence that flank the region to be amplified are used to design two synthetic 
DNA oligonucleotides one complementary to each strand of the DNA double helix. 
These oligonucleotides serve as primers for in vitro DNA synthesis by a DNA 
polymerase and they determine the ends of the final DNA fragment that is obtained. 
PCR involves repeated cycles of heat dénaturation of the DNA, annealing of the 
primers to their complementary sequences and extension of the annealed primers. 
Heat stable DNA polymerases extracted from thermophilic organisms are used. PCR 
was carried out as follows:
59|xl of distilled water was put into a 0.75|Li1 microfuge tube, 10)il of lOx buffer with 
magnesium ion (Boehringer) was added, followed by Ijil of DNA, 10|Lil of dNTP 
mix (2mM each: dATP, dCTP, dTTP), 10|xl of positive sense primer (stock 2.5|Lim), 
lOp.1 of negative sense primer (stock 2.5um) and finally 5 units of Taq (Boehringer) 
enzyme. When necessary, ‘Perfect Match’ Polymerase enhancer was also added to 
the PCR mix inorder to prevent the production of non-specific PCR products caused 
by bogus primer binding to similar sequences in other parts of the sequence in the 
template. The mixture was overlaid with 54p.l of liquid paraffin and placed in a 
thermal cycler (Quatro TC40). The program used depended on the target amplimer 
size and the annealing temperature of the primers.
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2.9. GEL ELECTROPHORESIS FOR SEPARATION OF NUCLEIC ACIDS
Electrophoresis grade agarose was dissolved in TBE (appendix 2) to either 1.2% or 
2% by boiling. Molten agarose was then poured into a flat- bed electrophoresis 
apparatus and allowed to solidify. Samples of DNA to be analysed were mixed with 
2x TBE sample buffer (appendix 2) plus 20% glycerol containing marker dyes 
(bromophenol blue and xylene cyanol FF) and loaded onto the gel. DNA size 
markers (21.7, 5.15, 5.0, 4.27, 3.48, 1.98, 1.9 1.59, 1.37, 0.94, 0.83, 0.56 kbp) were 
included. These markers were prepared by digesting bacteriophage Lambda DNA 
with EcoR-I and Hind III restriction enzymes in the same reaction mixture for 3 
hours at 37°C. The gels were electrophoresed submerged in Ix TBE running buffer 
at 150 volts for one hour, for a small gel of 50 x 75mm, and longer period for a 
bigger gel. Ethidium bromide was included in both the gel and running buffer at 
concentration of 0.5|ig/ml. DNA bands were detected using an UV transilluminator 
and photographed.
2.10. RESTRICTION ENZYME DIGESTION
Plasmid DNA was digested with appropriate restriction enzymes in the 
manufacturer’s recommended buffer at the appropriate temperatures (normally 37°C 
for one hour or more depending on the amount of DNA. Normally, Ijil of enzyme 
(8-1 Ou) was used per 10|il reaction containing l|ig DNA. The products were 
analysed on 1.2% or 2% TBE agarose gels using EcoRI/Hindlll digested lambda as 
marker
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2.11. LIGATION REACTIONS
The ligation required a 3:1 molar excess of insert DNA to vector DNA and lOng 
vector DNA per ligation mix. A pre-cooled microfuge tube was used and the 
following reagents were added in this order: l|il of lOX ligase buffer, 2|il 25% 
polyethylene glycol, 2|xl of PTTBlue vector (20ng), 4\x\ insert DNA (60ng), l|il 
lOmM ATP and l|il of T4 DNA ligase. The mixture was overlain with 30fxl of 
liquid paraffin and incubated overnight at 14°C in the waterbath in the cold room. 
The ligation mix was diluted by the addition of l|Lil 0.2M EDTA and 9\l\ distilled 
water. It was then stored at -20°C until needed.
2.12. PREPARATION OF COMPETENT E. COLI BACTERIA
One large colony of E.coli were inoculated into 125mls of SOB medium (appendix 
2) in a 2 litre flask and grown with vigorous shaking in an orbital shaking incubator 
at 20°C until the culture reached an ODeoo of 0.6. The culture was cooled on ice for 
10 minutes and the bacteria pelleted at 2500g for 10 minutes at 4°C. The pellet was 
drained well and resuspended in 40ml of ice cold transformation buffer (appendix 2) 
and allowed to stand on ice for 10 minutes. The bacteria were pelleted again as 
before. The pellet was gently resuspended in lOmls of transformation buffer and 
then dimethylsulphoxide (DMSO) was added to a final concentration of 7%. The 
mixture was incubated in an ice bath for 10 minutes and the bacterial suspension 
aliquoted into 0.5ml amounts in pre-chilled cryotubes and stored submerged in 
liquid nitrogen. When required, one cryotube was removed and thawed slowly on
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ice. Any suspension remaining after the required amount had been used was then 
aliquoted into 50|xl amounts and snap frozen for storage at -70°C.
2.13. TRANSFORMATION OF COMPETENT E.COLI (DHSoF’) BY 
PLASMID DNA
The ligated DNA was introduced into E.coli DH5ocF’ competent cells by the method 
of Hanahan (1985). E.coli DH5ocF’ cells were thawed on ice and 50jxl transferred to 
a pre-cooled 1.5ml Eppendorf tube. 10|il of diluted ligation mix was added to the 
E.coli DH5aF’ cells, mixed gently and incubated on ice for 30 minutes. The mixture 
was heat shocked in a 42°C water bath for 45 seconds and then put on ice for 5 
minutes. 200|xl of 2x YT (appendix 2) medium was added, mixed and the mixture 
incubated at 37°c for 60 minutes to allow expression of the antibiotic resistance gene 
on the plasmid. The transformation mixture was then divided and spread onto 1.2% 
bactoagar plates containing ampicillin, X-gal (5-bromo-4-chloro-3-indolyl-|3- 
galactosidase) which is a chromogenic substrate, and IPTG (isopropyl-p-D- 
thiogalactopyranoside) which is an inducer. DH5ocF’ cells contain a defective lac Z 
gene but complementation by the alpha peptide in the PT7Blue vector reactivates the 
bacterial p-galactosidase which then acts on X-gal to give a blue product. This 
feature can be used in order to distinguish recombinant colonies as the multiple 
cloning site on the vector precedes the lac Z’ alpha peptide coding region and 
therefore ligation of the PCR product into the vector is most likely to disrupt or close 
the reading frame, preventing alpha peptide synthesis and resulting in white 
colonies. X Gal was omitted if blue/white screening was not required. The plates
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were allowed to dry at room temperature and then incubated overnight at 37°C 
incubator.
2.14. STORAGE OF BACTERIAL COLONIES.
Bacterial colonies remain viable at 4°C for only about two weeks on agar plates. For 
long-term storage, 500)il of fresh overnight culture of a colony was mixed with 
1000|xl of glycerol, and stored at -70°C. This was subcultured onto 1.2% bactoagar 
plates when needed
2.15. PURIFICATION OF DNA
2.15.1. PURIFICATION OF DNA PLASMID
The method used was the diatom/alkaline lysis miniprep method (Carter and Milton, 
1993). 1.5ml of overnight culture was transferred into a 1.5ml Eppendorf tube and 
centrifuged for 30 seconds at 1300rpm. The supernatant was discarded and the pellet 
resuspended by adding 200|xl of resuspension buffer (50mM Tris pH 7.5, 
lOmMEDTA, 100|ig/ml RNAse A). 200|al of lysis buffer (0.2MNaOH, 1%SDS) 
was then added and mixed by inverting the tube several times for 1- 2 minutes at 
room temperature. 200|Xl of neutralisation buffer (2.55M Potassium acetate pH 4.8) 
was added, mixed by inverting the tube several times and the tube spun for 5 
minutes at 1300rpm. The supernatant was put into a fresh Eppendorf tube, 1ml of 
diatom suspension (4M guanidine thiocyanate, 20mM Tris pH 7.0, 20mM EDTA, 
lOmg/ml diatoms) was added, mixed by inverting, allowed to stand at room 
temperature for 5 minutes and then spun for 30 seconds to pellet the diatoms. The
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pellet was washed twice with 1 ml pellet wash solution (O.IM NaCl, lOmM Tris pH
7.5, 2.5mM EDTA, 50% Ethanol) and finally with 1 ml acetone. The pellet was air 
dried for 2 minutes at 65°C, resuspended in 100|xl of distilled water pre-warmed to 
65°C. To elute the plasmid DNA, the pellet was allowed to stand at 65°C for 2 
minutes with occasional mixing. The diatoms were removed by spinning the tube for 
2 minutes at ISOOrpm after which the supernatant was transferred into a fresh tube. 
2|Li1 of the resulting preparation was used for visualisation on a 1.2% agarose gel.
2.15.2. EXTRACTION OF DNA FROM AGAROSE GEL
After size fractionation in the agarose gel, the desired band of DNA was extracted 
from the gel and purified using the Quiagen gel extraction kit according to the 
Manufacturer’s instructions. This method gives a high level of recovery of pure 
DNA that is free from contaminants like primers, enzymes and salts. The DNA 
fragment was excised from the ethidium bromide stained agarose gel with a clean 
scalpel blade. The gel slice was weighed in a microfuge tube and 3 volumes of 
manufacturer’s buffer to one volume of gel were added (assuming Ig of gel has a 
volume of 1ml). It was then incubated at 50°C for 10 minutes to dissolve the gel. To 
assist in dissolving the gel, the tube was vortexed every 2-3 minutes during the 
incubation. When it had dissolved, one volume of 100% Isopropanol was added. The 
sample was put in a QlAquick column that was placed in a 2ml-collection tube and 
then centrifuged for 1 minute at 1300rpm. The flow through was discarded and to 
remove traces of agarose, the column was washed with 0.5ml of buffer. The flow 
through was once more discarded and the column centrifuged again for one minute
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to remove residual ethanol. To elute DNA, 30|xl of sterile distilled water was put 
into the centre of the QlAquick column, allowed to stand for one minute and 
centrifuged for one minute at 1400rpm. To confirm that the desired band of DNA 
had been extracted, 2jil of the DNA was analysed on a 1.2% gel.
2.15.3. CONCENTRATION OF DNA BY AMMONIUM ACETATE 
PRECIPITATION
This method removes primers and unincorporated dNTPs from a PCR product 
leaving it ready for polishing. As much liquid paraffin as possible was removed 
from the PCR product. An equal volume of 4M ammonium acetate and twice the 
volume of propan-2-ol was added and mixed. The mixture was allowed to stand at 
room temperature for ten minutes after which time it was spun for 10 minutes at 
13000rpm. The supernatant was removed and the pellet washed twice in 70% ethanol, 
dried at 37°C for 2 minutes and resuspended in 100|Lil distilled water.
2.15.4. CONCENTRATION OF DNA BY ETHANOL PRECIPITATION
Ethanol precipitation with 3M sodium acetate followed by drying and resuspension 
helps to remove contaminants like organic solvents and from DNA. These 
contaminants can interfere with transfection experiments. The volume of DNA 
solution was measured. l/30th this volume of 3M sodium acetate pH 5.0 and two 
and a half volumes of absolute ethanol were added. The mixture was incubated 
overnight at -20°C then centrifuged for 12 minutes at 13000rpm.The supernatant was 
carefully removed and the pellet washed with 70% ethanol at 13000rpm for 5
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minutes. The pellet was dried in a 37°C heating block for 2-3 minutes, and then 
resuspended in sterile distilled water to give a concentration of 500ng/|xl.
12.15.5. PURIFICATION AND CONCENTRATION OF DNA (WIZARD 
CLEAN-UP KIT)
The Wizard DNA clean up system kit (Promega) was used to purify the DNA from 
restriction enzymes and salts which can interfere with sequencing results and also to 
concentrate the DNA and the method was according to the manufacturer’s 
recommendation. 1 ml of wizard DNA clean up resin was put into a 1.5ml 
microcentrifuge tube. The sample (50-500jil) was added to the clean up resin and 
mixed by gently inverting several times. The Resin/DNA mix was pipetted into a 
2ml- syringe barrel fitted to the Luer-lock extension of the minicolumn. The syringe 
plunger was inserted slowly and the slurry pushed gently into the minicolumn. The 
syringe was detached from the minicolumn and the plunger removed from the 
syringe. The syringe barrel was reattached to the minicolumn and 2ml of 80% 
isopropanol was pushed through the minicolumn (this was to wash the column). The 
syringe was removed and the minicolumn was transferred to a fresh 1.5ml 
microcentrifuge tube. The minicolumn was centrifuged for 20 seconds at 12000g 
and any remaining isopropanol was allowed to evaporate for 15 minutes at room 
temperature. The minicolumn was then transferred to a new microcentrifuge tube 
and 50p.l of prewarmed (70°C) distilled water added to the centre of the column to 
eluate the bound DNA. The minicolumn was left to stand at room temperature for 
one minute and was then centrifuged for 20 seconds at 12000g.
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2.16. DEPHOSPHORYLATION
The 5’ ends of the vector DNA were dephosphorylated to reduce self-ligation, 5’- 
Phosphate groups were removed from linear vector DNAs using calf intestinal 
alkaline phosphatase (CIP, Sigma Chemicals Ltd) by the method of Sambrook 
(Sambrook et al, 1989). Linear plasmid DNA was dephosphoralated as follows: 5|xl 
of lOx Calf Intestine Alkaline Phosphatase (CIP) buffer (appendix 2) and l|xl CIP 
enzyme (1 unit/p.1, Boerhinger) were added to 45|il of linear DNA in distilled water. 
The reaction was incubated at 37°C for 15 minutes followed by 15 minutes at 56°C. 
A second aliquot of CIP enzyme was then added and incubated at 15 minutes at 
37°C followed by 15 minutes at 56°C. The reaction was then incubated at 70°C for 
15 minutes to inactivate the enzyme, and the DNA recovered using DNA Wizard 
clean up. The DNA was then gel extracted as in section 2.15.2.
2.17. POLISHING
T4 DNA polymerase is used to polish PCR products or restriction enzyme digested 
DNA if necessary before cloning. The T4 DNA enzyme possesses a 5’ to 3’ 
polymerase activity and a 3’ to 5’ exonuclease activity thereby filling in a 5’ 
overhang and chewing back a 3’ overhang. The volume of DNA already digested 
was adjusted to 75|xl with distilled water. The following were added: 9|il lOx T4 
DNA Polymerase buffer, 3p,l 5mM dNTPs (5mM each of dATP, dOTP, dCTP, 
dTTP), 3|ll 5mg/ml bovine serum albumin and 3|il T4 DNA Polymerase (0.8units). 
The reaction mix was incubated at 37°C for 30 minutes. DNA was recovered using
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the wizard miniprep columns (section 2.15.5), precipitated with ethanol (section 
2.15.4) and the yield assessed by gel electrophoresis as in section 2.9.
2.18. TRANSFECTION
The clone with the highest amount of DNA was selected and the DNA concentrated 
by ethanol precipitation. The concentration of the DNA was checked using lul of 
the DNA on a 1.2% gel. 500ng/|il lambda marker was included for comparison. 
3.5cm dishes were seeded with 1x10^ cells per dish in 2mls of TClOO growth 
medium. The dishes were left on a flat surface for 1 hour 50 minutes for the cells to 
attach. The monolayer was washed with TCI00 without serum or antibiotics. O.Smls 
TCI00 without serum or antibiotics was added to each dish. 4ul of 0.4|ig linear 
Baculovirus Lac Z DNA was mixed with 2jig baculovirus shuttle vector DNA with 
the insert giving a ratio of 5x shuttle vector DNA to one linear Baculovirus Lac Z 
DNA.
In a sterile plastic bijou, lOul lipofectin was mixed with 90|Xl TCI00 without serum 
or antibiotics. This was then added to the DNAs, mixed gently and allowed to stand 
at room temperature for 15-20 minutes for the liposomes to form. A control was also 
included containing only diluted lipofectin.
The 200|il transfection mix was added to the O.Smls of the medium in the dish 
dropwise and the dish swirled gently (to mix). The dishes were incubated at 28°C for 
5 hours. The transfection mix was removed, discarded and replaced with 2mls of 
TCI00 growth medium. The dishes were incubated in a moist box at 28°C for 3
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days. The medium was removed and clarified at 1500rpm for 10 minutes. The 
medium was stored at 4°C until needed. To assess if transfection had been 
successful, 1.5mls of TCI00 growth medium plus ISjLil 2% X-gal was added into 
each dish and incubated overnight. (Blue colour indicates transfection producing 
some wild type virus and no colour change indicates either no transfection or the 
production of mainly recombinant viruses).
2.19. BACULOVIRUS PLAQUE ASSAY
The plaque method can be used for assay of viable virus (counting plaques), or for 
obtaining individual virus clones by picking plaques. In this work, both uses were 
required. Sf21 cells were grown at 28°C in TCI00 growth medium. 16x 3.5cm 
dishes were seeded from 175cm^ flask using 2mls of TCI00 growth medium per 
dish. Cells were incubated at 28°C overnight. For plaquing the cells should be 
approximately 50% confluent. Baculovirus to be assayed was diluted in serum-free 
TCI00 from 10'  ^ to lO'"^  (if the yield was from a transfection) and from 10'  ^ to 10'  ^if 
it was from a conventional infection. The medium was removed from the dishes and 
0.1ml of each virus dilution was plated. The dishes were rocked at room temperature 
for 1 hour (to adsorb the virus) ensuring that they remained moist. The inocula were 
removed by aspiration and the dishes overlaid with 2mls of 1% agarose in TCI00 
growth medium. The gel was allowed to set at room temperature under the hood for 
15 minutes and then layered with 1ml of TCI00 growth medium. The dishes were 
incubated at 28°C in a humidified atmosphere for 5 days. The plaques were detected 
by adding 1ml of 0.167mg/ml neutral red into the 1 ml of the medium already on the
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dishes and were incubated at 28°C for 4 hours. During this time living cells 
accumulated the stain leaving the plaques visible as clear zones. The stain was 
removed and incubation was continued for a further 2 hours to allow the stain to 
clear giving more defined plaques. To distinguish Lac Z+ve (wild type) plaques 
from Lac Z-ve (recombinant) plaques, 1ml of TCI00 growth medium plus 15|ll 2% 
X-Gal per dish was added. The dishes were incubated for up to a further 2 days. 
Plaques remaining uncoloured were derived from potentially recombinant virus. 
Single, colourless plaques were picked using sterile pasteur pipettes and put into 
O.Smls of TCI00 without serum. They were then vortexed to release the virus. To 
obtain high titre of the virus, 200]Li1 of the single plaque picked into the TClOO 
(above) was passaged into 25cm^ flask and incubated for 4 days at 28°C. The virus 
was passaged 2 more times in 75cm^ flasks.
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CHAPTER 3. RESULTS
3.1. TIME COURSE
A time course experiment was performed in order to determine the optimum time for 
the manufacture of Norwalk virus-like particles. Sf21 cells were infected with 
recombinant Baculovirus-Hawaii at a multiplicity of infection of 5.0 pfu/cell and 
incubated for 2-6 days. A mock-infected control was included which was inoculated 
with medium alone. The medium was changed to serum free medium about 12 hours 
before harvesting since foetal calf serum has a molecular weight close to that of the 
virus capsid protein and would otherwise obscure this region on polyacrylamide gel 
electrophoresis. At each time point following infection, the cells and the medium 
were harvested into an Eppendorf tube and centrifuged at about 1400orpm for 2 
minutes. The medium was transferred to a fresh tube and any released proteins were 
precipitated from 200|il of the infected serum-free medium with 2 volumes of 
acetone and collected by sedimentation at 14,000 rpm in a microfuge. The pellet was 
resupended in 20|Li1 of PBS and prepared for electrophoresis. Samples from control 
dishes were treated in the same manner. The cells and the medium were analysed by 
10% polyacrylamide gel electrophoresis followed by staining with Coomassie. The 
results are given in figures 3.1a and 3.2 and show a prominent band of 58K 
corresponding to the expected Hawaii virus capsid protein. This was found to peak 
in the cells between days 2 and 3 and declined thereafter (figure 3.1a). Analysis of 
the medium showed that the 58K protein was released in amounts detectable by 
Coomassie blue stain between days 2 and 6 and maximum at day 4 (figure 3.2). The 
protein detected in the medium corresponds to protein released in the previous 12
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molecular weight markers.
All the molecular weights are in Kilodaltons (KDa)
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hours period following the change to serum free TClOO.
3.2. PURIFICATION OF RECOMBINANT HAWAH VIRUS-LIKE PARTICLES 
USING CAESIUM CHLORIDE DENSITY GRADIENT CENTRIFUGATION
Baculovirus Hawaii virus-like particles were purified as described earlier in 
materials and methods. The density gradients were harvested by needle puncture and 
10 fractions of approximately 0.5ml each were collected. The density of each was 
determined using a refractometer. Proteins were precipitated from 200|xl of each of 
the gradient fraction with acetone and analysed by electrophoresis.
The gradient fractions which gave a band of 58K were pooled and diluted (figure 
3.3a). Virus-like particles were then pelleted at 50,000rpm for 1 hour at 4°C. 
Recombinant Hawaii virus 58K protein was found in fractions of density 1.362g/cm^ 
to 1.364g/cm^ as expected (Thornhill et al, 1977; Prasad et al, 1994). The pellet was 
resuspended in lOOgl of sterile distilled water and the presence of recombinant 
Norwalk-like virus particles confirmed by electron microscopy (figure 3.3b). In 
agreement with previous examinations of these VLPs (White et al, 1996 and 1997), 
particles of two sizes were observed; both had a similar surface appearance and 
seemed to be rough with protruding material. Many were penetrated by stain 
suggesting that they may be empty.
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Figure 3.3a. Analysis of purified Hawaii virus-like 
particles on a 10% SDS polyacrylamide gel. A single 
band of 58KDa (lane 2) was obtained after pooling all 
the gradient fractions of density 1.362g/cm^ to 1.364g/cm^. 
Staining was by Coomassie stain. Lane 1 was positive 
control showing 58K protein band. M was molecular 
weight marker showing 20.1KDa, 24KDa, 29KDa, 45KDa 
and 66KDa. Lane 4 was negative control with uninfected 
medium
Figure 3.3b. Vims-like particles released by recombinant 
baculovirus Hawaii. Purification was by density gradient 
centrifugation as in section 2.2. Staining was by 2.5% 
phosphotungstic acid pH 6.8. Virus like particles were only 
seen after including 0.1% bacitracin in the virus suspension. 
Two different sizes of virus-like particles were observed. The 
presence of two sizes had earlier been reported by White et al, 
(1996 and 1997). Magnification x 120,000
3.3. PROTEOLYTIC CLEAVAGE OF NORWALK VIRUS CAPSID 
PROTEIN
The first attempt to remove the projecting, and putative variable regions from these 
particles was by proteolysis. Papain, Bromelain and Chymotrypsin were tested for 
this purpose. Pure recombinant Hawaii virus-like particles were prepared as in 
section 2.2. Stock solutions of the enzymes were prepared in concentrations of 
13mg/ml in enzyme buffer (appendix 2). Working dilutions of the enzymes were 
made at 10'\ Each enzyme was mixed with the virus in the ratio of one volume of 
enzyme dilution to four volumes of virus suspension and allowed to react at 15°C in 
the cold room water bath for 5 minutes (since a rapid reaction was anticipated). 
Finally 2x PAGE sample buffer was added to denature all proteins and stop the 
reaction. The samples were then analysed on a 10% polyacrylamide gel (figure 3.4). 
At 5 minutes, bromelain enzyme had largely digested the 58K protein yielding a 4 IK 
product although some 58K remained. Elastase and Chymotrypsin enzymes had no 
obvious effect on the VLPs. In contrast Papain destroyed all the 58K protein right 
from time zero (“0”) (data not shown) and no discrete products were apparent. 
Bromelain was therefore found to be the best of these enzymes. This was not 
entirely unexpected since the gentle and controllable degradative action of bromelain 
has been used for the removal of glycoprotein spikes from other viruses such as 
influenza.
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For large scale preparation of protease treated VLPs, it was necessary to determine 
the optimum time for digestion, and to halt this process at a stage before total 
degradation so that the resulting particles can be investigated. The optimum dilution 
of the bromelain enzyme was determined by titration, dilutions of the enzyme were 
made from 10'  ^ to ICf^  and allowed to react with virus as before. The reactions were 
once more stopped by dénaturation with PAGE gel sample buffer before analysis of 
the protein products. This experiment yielded a smoothly progressive digestion 
pattern. The 58K band progressively disappeared as enzyme concentration increased 
forming 2 major products of 4 IK and 43K and a variety of intermediately sized 
bands. At the highest levels of enzyme these products were reduced in overall 
amount and decreased still further in size to 34K and 4 IK respectively (figure 3.5). 
Bromelain protein was clearly detectable at these high input levels of enzyme. Since 
our ultimate goal was the raising of antisera to particles of defined nature it is 
essential that the reaction be controllable, and preferably involve the minimum 
amount of enzyme such that it can be readily stopped, and residual enzyme easily 
removed before serum is raised. A dilution of 10'  ^ of the bromelain enzyme was 
found to be the optimum dilution for the digestion. If 10'  ^ was to be used, it would 
be too concentrated meaning that the reaction would be very rapid and difficult to 
control and large amounts of enzyme might lead to residual contamination of the 
products. 10'  ^ and ICf^  would necessitate an extended reaction time and may never 
achieve total digestion of the particles.
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Figure 3.5. 10% SDS gel showing different dilutions of bromelain enzyme 
reacted with a constant amount of purified Hawaii virus as described in the 
text. M molecular weight marker; lane 1- Bromelain enzyme control; lanes 
2 to 5 were serial dilutions of enzyme from 10'  ^ to 10 4 reacted with constant 
amount of virus; lane 6 was purified 58K protein of Hawaii virus witliout the 
enzyme; lane 7 was Positive control showing 58K protein and lane 8 was 
negative control with uninfected Sf21 cells.
The next step was to characterise the degradation of the VLPs during prolonged 
digestion at this concentration of enzyme. Thus the optimum dilution was then used 
to digest the virus from 0 minutes to 2 hours at 15®C. At selected time points a 
sample was removed and the reaction stopped by addition of 2x sample buffer. The 
samples were then loaded on 10% SDS polyacrylamide gel and stained with 
coomassie blue stain. The results showed that the initial cleavage took place rapidly 
and by the time the first sample was taken, 41k and 43k products were already 
discernible. At 0 minutes and 5 minutes, the 58K protein broke down giving two 
main bands of 43K and 41K with some other intermediate bands. At later time points 
all the 58K protein had broken down to 43K and 4 IK. However, these proteins 
appeared stable there after (figure 3.6) This suggested that partially degraded 
products could be obtained from this reaction, and it was decided to investigate any 
changes in VLP morphology during this degradation. However EM examination 
precludes the use of denaturing sample buffer to stop the reaction and thus the 
experiment was repeated and the reactions were stopped by transfer to ice. When all 
the samples were ready, 2x PAGE sample buffer was added and the samples 
analysed on 10% PAGE gel. However analysis (figure 3.7) showed that all samples 
had an identical appearance, in all cases the 58K had been entirely degraded to 43 
and 34K products, and there was no difference between 0 minutes and 2 hours 
reaction time. This was attributed to failure to prevent continued reaction by 
transferring to ice.
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Figure 3.6. 10% SDS polyacrylamide gel showing samples reacted 
with 10'^ bromelain enzyme and reaction stopped by adding 2x sample 
buffer after “0” minutes to 2 hours. M was the molecular weight 
marker with 20.1KDa, 24KDa, 29KDa, 36KDa, 45KDa and 66KDa. 
enz was bromelain enzyme without the virus and the positive control 
was purified capsid protein supplied by Kim Green as explained in the text
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Figure 3.7. 10% SDS gel showing an attempt to stop the bromelain 
enzyme reaction on the 58K protein by use of ice. Samples were 
taken after “0” minutes, 10 minutes, 1 hour and 2 hours as explained 
in the text. Staining was by Coomassie stain. M was Molecular 
weight markers, +ve control was Hawaii virus capsid protein. The 
band on top of the 58K was attributed to albumin band and -ve 
control was uninfected TCI00 medium. The molecular weights 
are in KDa.
An alternative means of controlling the reaction was investigated and 3 sets of VLP 
digestion reactions were established. Reactions were stopped using aprotinin and a 
protease cocktail inhibitor provided for use with baculovirus expression constructs. 
A control was also included where the reaction was not stopped. It was found that, 
neither aprotinin nor a cocktail of protease inhibitors could stop the reaction. In view 
of the difficulties in controlling this reaction, the proteolytic approach was 
considered unlikely to succeed. However the 43 and 34k products which are formed 
by this reaction appear to be stable to further digestion at this enzyme concentration 
and thus could represent VLP residues from which the variable sections have been 
removed. The variable region is 14.5K in molecular weight and the two constant 
regions are 30K and 14K respectively. In this case, the 14-14.5K bands would not be 
seen in the gel. If bromelain cuts once from the variable region, we would get 2 
products of 44.4K and 28.4K respectively. It was important to characterise the stable 
residue of bromelain reaction. To do this, the test was set as above and after 10 
minutes, the reaction was stopped by adding distilled water to 5mls and pelleting the 
virus-like particles (VLPs) by centrifuging at 50,000rpm for one hour using SW50.1 
rotor. The virus-like particles were examined by electron microscope. However, 
virus-like particles were not seen. The reason for not seeing VLPs could be because 
they may have disintegrated in solution or may be the enzyme prevented them from 
reassembling
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4. CHAPTER 4. RESULTS
4.1. CAPSH) GENE AMPLIFICATION USING PCR
The region of interest in this project is the second Open Reading Frame (ORF 2). 
This encodes the viral capsid protein. This protein contains the information required 
for particle formation and has been found to self assemble forming virus-like 
particles identical in appearance to real virus (Jiang et al, 1992a). The virus capsid 
protein gene is about 1600 base pairs and located between residues 785 to 2400 from 
the 5' end of the Hawaii virus sequence accession no U07611 deposited in the 
database. This region was amplified by PCR using two primers. The positive sense 
primer used was 5’AACTGCAGCATGAAGATGGCGTCGAATG’3 (Pst-1 primer) 
which annealed between positions 776 and 803 in the genome. The Pst-I site was 
added in the synthesis of the primer to allow easy subcloning of the PCR product. 
The negative sense primer was 5’AACCCGGGTTACTGCACTCTTCTGCG’3 
(Sma-I primer) which annealed between 2398 and 2375 in the genome, the Sma-I 
site being an artificial addition for ease of subcloning. The product derived should 
then have an inserted Pst-I site corresponding to position 783 and a Sma-I site at 
the 3’ end corresponding to position 2398.
The PCR reaction was programmed for an initial warm up of IT C  for 20 seconds 
followed by 35 cycles of 94®C for 45 seconds, 50°C for 45 seconds, 72°C for 3 
minutes 30 seconds and finally the reaction was held at 72°C for ten minutes to 
allow completion of any partially synthesised molecules. 5 pi of the amplification 
mixture was run on a 1.2% TBE electrophoresis gel and a prominent band of I600bp
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Figure 4.1a. PCR amplification of 0RF2 of Hawaii virus 
showing 1600bp of the capsid gene on 1.2% agarose TBE gel 
as explained in the text. M-EcoR-I/Hindlll digested lambda 
DNA markers; lanes 1 and 2 shows a duplicate of the 
amplification mixture.
was seen. This band (figure 4.1a) was excised using a scalpel blade and the DNA 
was recovered as described earlier.
The amplification product was then ligated into the pTTBlue vector (figure 4.1b) 
and transformation carried out in competent E.coli DH5oF’ cells as earlier 
described. This ligation exploits the non-templated “A” residue added to PCR 
products which is then allowed to anneal to a single overhanging "T" residue at the 
terminus of the vector. Eight white colonies were selected, grown in liquid media 
and plasmid DNA prepared. 8 DNA samples were digested with EcoR-I and Hind m  
in the same reaction mix (double digest). Plasmids which had acquired the inserted 
DNA should thus yield 3 bands of 1400bp, 2900bp and 200bp (regardless of their 
orientation in the vector), the 200bp will most probably run off the 1.2% agarose 
TBE gel. Seven clones revealed the expected pattern and one had acquired no 
inserted DNA (figure 4.2c). At this stage, whichever way (figure 4.2a or figure 
4.2b) the insert was in the vector did not matter as in both ways, cutting with EcoR-I 
and Hindm simultaneously would still produce three bands of 1400bp, 2900bp and 
200bp.
In order to determine the required orientation of the insert in the pTTBlue vector, the 
Pst-I site added in the primer and the EcoR-I site known to be in the insert were 
made use of. Digestions were performed using each of the enzymes EcoR-I and Pst-I 
separately. In one orientation (figure 4.3a), Pst-I digestion would release the insert 
producing bands of 1600bp and 2900bp respectively. The same construct digested 
with EcoR-I would yield a single band of4300bp and a short product of
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Figure 4.1b. pT7Blue vector
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Figure 4.2. DNA was simultaneously cut with EcoR-I and Hindlll to check 
whether the ligation of the capsid gene to the pTTBlue vector was successful, 
plasmids which had acquired the insert would yield 3 bands; 1400bp, 2900bp 
and 200bp. To find out the orientation of the insert in the vector, the DNA 
was cut with EcoR-I and Pst-I separately (figure 4.3a and 4.3b).
1 2 3 4 5 6 7 8  M
2900bp
1400bp
Figure 4.2c. The 1600bp capsid gene was ligated into pTTBlue 
vector as described in the text. The resulting DNA was digested 
with EcoR-I and Hindlll in the same reaction mix. The figure 4.2c 
above is a 1.2% agarose TBE gel showing that seven clones 
(lanes 2 to 8) out of eight gave the desired bands of 2900bp and 
1400bp, and a smaller band of 200bp which run off the gel.
approximately 200bp which in most cases would run off the 1.2% gel. The other 
orientation (figure 4.3b) would produce an opposite result, Pst-1 giving a single band 
of 4500bp and EcoR-1 releasing 1400bp from the insert. The latter orientation 
(figure 4.3b) was the orientation required for this study since it would be relatively 
simple to subclone for expression. The Pst-I and EcoR-1 patterns expected for the 
correct orientation are illustrated in figure 4.3c using one of the clones. The 
presence of the Sma-1 site was also confirmed by cutting this clone with Sma-I. One 
band of4500bp was observed (figure 4.4).
4.2. EXPRESSION OF ORF-2 DNA
The ultimate goal of this study was the expression of the Hawaii virus capsid gene in 
truncated form. In this form, its capacity to self assemble may or may not be 
preserved. If  this protein should no longer form particles, its purification (essential 
before raising sera) would become very difficult by sedimentation. For this reason it 
was necessary to add an affinity tag to ensure that any recombinant protein could be 
obtained in a pure form. However, it was not clear whether the affinity tag itself 
(His-tag) would affect particle formation and for this reason it was decided to 
express both fiill-length and deleted constructs in combination with this tag. This 
was achieved by expressing the proteins via the baculovirus transfer vector 
pAcHLT-A. However before any manipulations were performed, it was essential to 
verify the fidelity of the cloned PCR product since this clone was to be used as the 
basic material from which all constructs would be prepared. The PCR can often 
leave ragged ends, or create spontaneous deletions within the primer regions which
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Sma-I EcoR-I Pst-I 
12001400
Hind III EcoR-I
2900
b,
Pst-I EcoR-I Sma-I
1400
Pst-I
H in d lll
EcoR-I
2900
Figure 4.3. The diagrams above shows the orientations of the insert in the 
pTTBlue vector. The orientation could be either ‘a’ or ‘b’. In orientation 
‘‘a”, EcoR-I digestion would produce two bands of 4300bp and 200bp. 
The 200bp would in most cases run off the gel. The same construct 
digested with Pst-I would produce two bands of 2900bp and 1600bp.
In orientation “b”, EcoR-I would produce two bands of 3100bp and 
1400bp and Pst-I would produce one big band of 4500bp. The latter 
orientation (“b”) was the orientation required for this study. The 
clones with the desired orientation were selected for further study.
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Figure 4.4. 1.2% agarose TBE gel showing one band 
of 4500bp (lane 2) observed after cutting the DNA 
with Sma-I as explained in the text. Digestion with 
Sma-I linearised the clone and also confirmed the 
presence of the Sma-I site which had been inserted 
at the beginning of this study. M was BcoR-I/Hindlll 
digested lambda marker
would clearly prevent any attempts to express the construct through disruption of the 
open reading frame. DNA was therefore prepared from the clone illustrated in figure
4.3, concentrated by minicom microconcentration and sequenced using the universal 
reverse and universal forward primers.
The universal reverse primer sequence results showed that the capsid gene of Hawaii 
virus had been ligated correctly into the pTTBlue vector. This is indicated in figure 
4.5a where the first 96bp are those of the pTTBlue vector (green) followed by 20Tbp 
of the capsid gene of Hawaii virus from the 5’ end (black).
The universal forward primer sequenced 2T0bp of the capsid gene from the 3’ end 
(figure 4.5b). Both sequence results (figures 4.5a and 4.5b respectively) were as 
expected. The complete sequence of both primers could be identified at the 
appropriate termini, there were no adventitious deletions between the artificially 
inserted enzyme sites and the coding sequence and the reading frame was indeed as 
expected. The sequence also served to confirm that the correct product had been 
cloned.
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ATG ACC ATG A TT ACG CCA AGC TCT AAT ACG ACT CAC TAT AGG
M T M I T P S S N T T H Y R
GAA AGC TTG CAT GCC TGC AGG TCG ACT CTA GAG GAT CTA CTA
E S L H A C R S T L E D L li
GTC AT A TGG A TT AAC TGC AGC ATG AAG ATG GCG TCG AAT GAC
V I W . I N C S M K M A S N D
GCC GCC CCA TCT AAT GAT GGT GCA GCC GGT CTC GTA CCA GAC
A A P S N D G A A G L V P E
GTC AAC AAC GAG ACG ATG GCC CTC GAA CCG GTG GCT GGG GCT
V N N E T M A L E P V A G A
TCT A TA GCC GCC CCT CTA ACC GGT CAA AAT AAT GTG A T A GAC
S I A A P L T G Q N N V I D
CCC TGG ATT AGA ATG AAC TTT GTC CAA GCC CCA AAT GGA GAA
P W I R M N F V Q A P N G E
TTC ACA GTG TCT CCC CGC
F T V S P R
Figure 4.5a. Shows the sequencing results using universal reverse primer. The 
amino acids in green are those of the pTTBlue vector starting from the Lac Z start up 
to the T-vector cloning site. The capsid gene of Hawaii virus sequence started with 
the Pst-I primer (bold black with the Pst-I site underlined) which had been used at 
the beginning of this study. 20Tbp of the capsid gene of Hawaii virus were 
sequenced from the 5’ end (black)
8 6
CTA CTC CCC CAG GAA TGG ATT CAG CAT TTT TAT CAG GAG TCA
L L p Q E W I Q H F Y Q E S
GCC CCC GCC GCC ACG GAC GTG GCT CTA ATT AGA TAG ACC AAT
A p A A T D V A L I R Y T N
CCT GAC ACA GGC CGC GTT TTG TTT GAA GCT AAA CTG CAC AGG
P D T G R V L F E A K L H R
CAA GGA TTC ATC ACA GTG GCA AAC TCT GGT TCT AGG CCT ATT
Q G F I T V A N S G S R P I
GTT GTC CCC CCG AAT GGC TAT TTT AGG TTT GAT TCT TGG GTT
V V P P N G Y F R F D S W V
AAT CAA TTC TAT TCT CTC GCC CCC ATG GGA ACT GGG AAC GGG
N Q F Y S L A p M G T G N G
CGC AGA AGA GTG CAG ITAA CCC GGG TT
R R R V Q STOP p G
Figure 4.5b. Shows the sequencing results using universal forward primer. 270bp of 
the capsid gene of Hawaii virus were sequenced from the 3’ end as explained in the 
text. The sequence started with the Sma-I primer (bolden black with the Sma-I site, 
CCC GGG underlined.
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4.3. CONSTRUCTION OF THE EXPRESSION CLONES.
The cloned PCR product was first linearised with Pst-I and then cut with Sma-I to 
release the insert with asymmetric termini (figures 4.6a and 4.6b). The insert DNA 
was then concentrated in a Minicon microconcentrator kit according to the 
manufacturer’s instructions (as described earlier), run on a 1.2% agarose TBE gel 
and the 1600bp band extracted from the gel.
Following this, the pAcHLT-A vector (figure 4.6c) was prepared similarly, 2.5jil of 
pAcHLT- A vector was cut with Pst-I and Sma-I and extracted from the gel to 
ensure purity and removal of uncut vector. The recoveries of both insert and vector 
were assessed on a 1.2% agarose TBE gel using 200ng and 500ng uncut lambda 
DNA to gauge concentration. The two components were then ligated together 
ensuring a 3:1 molar excess of insert over vector. Following transformation, 6 clones 
were prepared and cut with EcoR-I to check on orientation of the capsid gene in the 
pAcHLT-A vector. In one orientation, EcoR-I would give two bands of 9500bp and 
200bp (figure 4.7a). In the other orientation, EcoR-I would give two bands of 
1400bp and 8300bp (figure 4.7b). The former (figure 4.7a) was the orientation 
required for this work. In order to express the DNA, it is essential that the 5' 
terminus of the inserted DNA be located towards the His-tag in the vector and 
inserted in the correct frame. All the 6 clones were in the desired orientation.
One of these clones was selected and concentrated by ethanol precipitation method. 
This was then introduced to baculovirus by recombination. Sf21 cells were co-
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4.27Kbp
3.48Kbp
1.98Kbp
1.9Kbp
l,59Kbp
1.37Kbp
0.94Kbp
2900bp
1600bp
Figure 4.6a 1.2% TBE gel showing the results after a double 
digest with Pst-I and Sma-I. Two bands were observed, 1600bp 
of the insert and 2900bp of the pT7Blue vector; lane 1 was 
EcoR-I/Hindin digested lambda DNA markers and lane 2 was 
the bands for 1600bp and 2900bp respectively.
Pst-I EcoR-I
Sma-I
200 1400
Pst-I EcoR-I
2900
Figure 4.6b. To prepare the insert for expression in SfZl cells using 
pAcHLT-A vector as the expression vector, the insert (capsid gene) was 
released from the pTTBlue vector by digesting simultaneously with Pst-I 
and Sma-I which produced two bands of 1600bp of the insert and 2900bp 
of the pTTBlue vector
Figure 4,6c.
pAcHLT-A Baculovirus Transfer Vector
PvuII (7930)
SapI (7874) SphI (230)
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Not! (2353) Sse8387 I (2360)
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Figure 4.7. The capsid gene of recombinant Hawaii virus was ligated to pAcHLT-A 
baculovirus expression vector. To check on the orientation of the insert in the vector, 
the DNA was cut with EcoR-I. In one orientation “a”, EcoR-I would produce two 
bands of 9500bp and 200bp. In the other orientation b % EcoR-I would produce 
two bands of 1400bp and 8300bp. The orientation required was in such a way that 
the 5’ terminus of the insert was located towards the His-tag of the pAcHLT-A 
vector. Orientation “a” was therefore the correct orientation and the clones with 
this orientation were selected for further study
transfected with construct DNA and linearised baculovirus DNA as described in 
materials and methods. Recombinant (white) plaques were selected and then grown 
to form a master stock of each recombinant virus. Finally these stocks were used to 
grow a working stock and this was assessed for production of 58K Hawaii virus 
capsid protein. S£21 cells were infected with recombinant baculovirus and both the 
cells and the medium were analysed by 10% SDS PAGE between days 2 and 5 post 
infection. In contrast to our findings with the original construct provided by Dr 
Green, 58K protein was found only in the cells and was present between days 2-5. 
The cells were also analysed by immunofluorescence using antiserum raised to 
recombinant Hawaii virus VLPs. The cells were positive for fluorescence fl*om day 2 
in agreement with the detection of recombinant protein by electrophoresis. The cells 
also showed a 58K protein on Western blot (data not shown).
4.4. CONSTRUCTION OF TRUNCATED CAPSID
Truncated proteins were constructed by ligating the two termini of the gene omitting 
the central variable region. These were obtained by PGR amplification o f the two 
conserved terminal regions of the capsid gene. PGR was used to amplify 825bp fi'om 
the 5’end and 380bp fi'om the 3’end of 0RF2; primers were designed so as to anneal 
internally within the gene and provide an artificial restriction enzyme site which 
would permit their combination in-fi*ame at a later stage. Restriction enzyme site 
chosen for this step was Pst-I enzyme which was incorporated into the 2 primers: 
GGGGTGGAGTTGGGTGGTGGGGAA (-ve primer) which was derived fi'om 
position 1601 to 1624 of the capsid gene of Hawaii virus with an artificial Pst-I site
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(CTGCAG) inserted and AACATGAATCTGCAGCCCTCT (+ve primer) which 
was derived from position 2012 to 2032 with a Pst-I site inserted into it.
To amplify 380bp from the 3'end of the capsid gene, the primers used were; -ve 
sense primer: 5’AACCCGGGTTACTGCACTCTTGTGCG‘3. This was the Sma-I 
primer, derived from the 3’ end of Hawaii capsid gene between position 2398 and 
2375 with a Sma-I site (GGGGGG) inserted. The +ve sense primer used was 
5’AAGATGAATGTGGAGGGGTGT ‘3 (Hawaii 2040) which was an internal primer 
derived from position 2012 to position 2032 with a Pst-I site inserted. These changes 
will affect the coding region in the vicinity of the Pst-I site when finally 
reconstituted. The reaction was programmed for an initial warm up at 72°G for 30 
seconds followed by 35 cycles of 94°G 30 seconds, 45°G 30 seconds, 72°G 40 
seconds and finally the reaction was held up at 72°G for 10 minutes to allow 
completion of partially synthesised molecules. The 380bp product was excised from 
the gel and recovered using a quiagen kit before it was ligated into PT7Blue as 
described previously.
Resulting DNA clones were cut with EcoR-I and HindlH to verify the presence of 
inserted DNA. 3 clones out of 4 showed the success of ligation by producing 2 bands 
of 380bp and 2900bp (figure 4.8a). These 3 clones were cut with Pst-I to check on 
the orientation. In one orientation (figure 4.8ab), Pst-I would produce one big fragment 
of 3280bp. In the other orientation (figure 4.8ac), Pst-I would release the insert 
resulting in two bands of 380bp and 2900bp. The former orientation (figure 4.8ab)
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Figure 4.8. PCR was used to amplify 380bp from the capsid gene of Hawaii virus. 
The 380bp product was ligated into the pTTBlue vector and to verify whether 
ligation had been successful, the DNA was digested with EcoR-I and Elindlll 
simultaneously (“a”)- The clones which produced two bands (380bp of the insert 
and 2900bp of the vector) were then digested with Pst-I inorder to check on the 
orientation of the insert in the pTTBlue vector. In one orientation “ab”, Pst-I 
would produce one big band of 3280bp. In the other orientation “ac”, Pst-I 
would produce two bands of 380bp and 2900bp. The former “ab” was the 
orientation required for this study.
is the required orientation required for addition of the 5' section of the gene. A 
sample of this clone was then cleaved with Pst-I and dephosphorylated using CIP. 
Finally the linearised vector/insert combination was excised from the gel to ensure 
removal of uncut forms.
The 5' conserved region (825bp) was amplified using the positive sense Pst-1 primer 
used previously to obtain the fiill-length capsid gene by PCR, in combination with an 
internal, negative sense primer: 5’GGGCTGCAGTTGCGTGGTGCCCAA’3 which 
annealed between positions 1601-1624 in the capsid gene. However this primer also 
inserted an artificial Pst-1 site into the gene. This site was chosen so as to disrupt as 
little as possible the coding region of the gene, but the substitution was not silent. 
PCR was carried out as follows; The reaction was programmed for an initial warm 
up at 72°C for 30 seconds followed by 35 cycles of 94°C 30 seconds, 55°C 30 
seconds, 72°C one minute and finally the reaction was held up at 72°C for 10 
minutes to allow completion of partially synthesised molecules.
The 825 DNA insert was then cut with Pst-I, gel extracted and ligated directly into 
the Pst-I site of the 380DNA/pT7Blue construct produced as described above. 
Following transformation, clones were screened for the presence of both PCR 
products (figure 4.9c) and for orientation simultaneously by a single EcoR-1 
digestion. If  both PCR products had indeed been linked, then in one orientation 
(figure 4.9a) EcoR-I would yield two bands of I005bp and 3100bp. The opposite 
orientation would yield two bands of 3525bp and 580bp (figure 4.9b). The former
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EcoR-I
200 625 380
2900
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Pst-I EcoR-I Pst-I Sma-I 
200 380625
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Figure 4.9. PCR was used to amplify 825bp from the 5’ end of the capsid gene 
of Hawaii virus as explained in the text. It was then ligated into the Pst-I site of 
the 380DNA/pT7Blue construct. To check the presence of both PCR products as 
well as the orientation, the DNA was digested with EcoR-I. In one orientation 
“a”, EcoR-I would produce two bands of 1005bp and 3100bp. In the other 
orientation “b”, EcoR-I would produce two bands of 580bp and 3525bp."fl” 
was the orientation required as it corresponds to the insertion of the 5’ end of the 
conserved region adjacent to the Pst-I site of the vector.
1 2  3 6 M
3.1
1.005 0.94p
0.83
Figure 4.9c 1.2% TBE gel. The 825DNA construct was ligated into the Pst-I 
site of 380DNA/pT7Blue construct as explained in the text. The clones were 
selected for the presence of both PCR products by digesting with EcoR-I. Clones 
with both PCR products would produce two bands of 3100bp and lOOSbp.
3 clones (lanes 1 to 3) out of 6 had the desired bands and these were selected for 
further study. Clones in lanes 4 to 6 did not have the desired bands and were 
therefore discarded. M was EcoR-I/Hindlll digested lambda DNA markers.
orientation corresponds to the insertion of the 5'end of the 5'conserved region 
adjacent to the vector Pst-I site and is the required orientation for this study. 
Regeneration of both Pst-I sites was then checked by digestion with this enzyme 
which should release the 5* conserved region as a 825 bp band. One of these clones 
fitting these criteria was selected for sequencing (figure 4.9d).
Sequencing was performed in three stages (figure 4.9d). In the first stage (red 
writing), universal forward primer was used which sequenced fi’om the Sma-I site 
CCCGGG, (underlined) at the 3’ end up to the Kpn-I site GGTACC, (underlined). 
The DNA was then cut with Kpn-I (figure 4.9e) to delete 300bp, then self ligated 
before sequencing again (blue writing) using Universal forward primer which 
sequenced through the joint, which joins the two constant regions 
CTGCAGCCCTCA, (underlined) up to the amino acid on position 1391 of the 
capsid gene of Hawaii virus.
The 5’ end of the construct (black) was sequenced using Universal reverse primer 
and it started by amino acids of the pTTBIue vector (green) up to the Sph-I site- 
GCATGC, (green and underlined), then the sequence of the 5’ end of the capsid 
gene starting with a Pst-I site CTGCAG (in bold) which had been inserted in the 5’ 
end of the capsid gene at the beginning of this study.
These sequencing results confirmed that the two constant regions were joined 
correctly and the reading fiame was as expected. The deletion of the variable region 
resulted in the insertion of an artificial glutamine residue, which does not have
99
significant effects on the reading frame.
ATG ACC ATG A T T ACC CCA AGC TCT AAT ACG ACT CAC TAT AGC
M T M I T P S S N T T H Y R
GAA AGC TTG CAT CCC TGC AGC ATG AAG ATG GCG TCG AAT GAG
E S L H A c S M K M A S N D
GCC GCC CCA TCT AAT GAT GGT GCA GCC GGT CTC GTA CCA GAG
A A P S N D G A A G L V P E
GTC AAC AAC GAG ACG ATG GCC CTC GAA CCG GTG GCT GGG GCT
V N N E T M A L E P V A G A
TCT A TA GCC GCC CCT CTA ACC GGT CAA AAT AAT GTG A TA GAC
S I A A P L T G Q N N V I D
CCC TGG ATT AGA ATG AAC TTT GTC CAA GCC CCA AAT GGA GAA
P W I R M N F V Q A P N G E
TTC ACA GTG TCT CCC CGC AAT TCT CCT GGT GAA ATC TTG CTA
F T V S P R N S P G E I L L
AAT TTG GAA TTA GGC CCT GAA TTA AAT CCA TTC TTA GCA CAC
N L E L G P E L N P F L A H
CTT TCA AGA ATG TAT AAT GGT TAT GCC GGC GGG GTT GAA GTG
L S R M Y N G Y A G G V E V
CAG GTA CTA CTC GCT GGG AAC GCG TTC ACA GCG GGA AAA CTG
Q V L L A G N A F T A G K L
GTG TTT GCA GCA ATC CCC CCG CAC TTC CCT CTT GAG AAT CTG
V F A A I P P H F P L E N L
AGT CCT GGA CAA ATT ACA ATG TTC CCT CAT GTG ATT ATT GAT
S P G Q I T M F P H V I I D
GTT AGA ACA TTA GAA CCT GTG CTT TTG CCC CTT CCA GAT GTT
V R T L E P V L L P L P D V
AGA AAT AAT TTC TTT CAT TAC AAT CAG CAG CCC GAG CCC CGT
R N N F F H Y N Q Q P E P R
ATG AGA CTT GTA GCT ATG TTG TAT ACT CCT CTT AGA TCT AAT
M R L V A M L Y T P L R S N
GGT TCT GGT GAT GAT GTG TTC ACA GTT TCT TGC AGG GTT CTC
G S G D D V F T V S C R V L
ACC CGC CCT TCT CCA GAT TTT GAT TTT AAT TAT TTG GTT CCC
T R P S P D F D F N Y L V P
CCA ACT GTG GAG TCT AAA ACT A AA CCA TTC ACC CTG CCA ATC
P T V E G K T K P F T L P I
CTA ACT ATT GGA GAA TTG TCA AAT TCT AGA TTC CCA GTT CCA
L T I G E L S N S R F P V P
A T A GAT GAA TTG TAC ACC AGC CCC AAT GAA GGA GTG ATC GTG
I D E L Y T S P N E G V I V
CAG CCC CAA AAT GGC AGA TCA ACA CTT GAT GGT GAA TTG TTG
Q P Q N G R S T L D G E L L
100
GGC ACC ACG CAA CTG CAG CCC TCA GTT TCC CCC CTC TTT CCA
G T T Q L 0 p S V S p L F P
GGT GAA CAG CTA CTT TTC TTC AGG TCC CAT ATA CCA CTC AAA
G F Q L L F F R S H I P L K
GGA GGT ACC TCT GAT GGT GCC ATT GAT TGT CTA CTC CCC CAG
G G T S D G A I D C L L P Q
GAA TGG ATT CAG CAT TTT TAT CAG GAG TCA GCC CCC GCC GCC
E W I Q H F Y Q E S A p A A
ACG GAC GTG GCT CTA ATT AGA TAC ACC AAT CCT GAC ACA GGC
T D V A L I R Y T N P D T G
CGC GTT TTG TTT GAA GCT AAA CTG CAC AGG CAA GGA TTC ATC
R V L F E A K L H R Q G F I
ACA GTG GCA AAC TCT GGT TCT AGG CCT ATT GTT GTC CCC CCG
T V A N S G S R P I V V p P
AAT GGC TAT TTT AGG TTT GAT TCT TGG GTT AAT CAA TTC TAT
N G Y F R F D S W V N Q F Y
TCT CTC GCC CCC ATG GGA ACT GGG AAC GGG CGC AGA AGA GTG
S L A P M G T G N G R R R V
CAG TAA CCC GGG TT
Q STOP p G
Figure 4.9d. The two constant regions (825bp from the 5’ end and 380bp from the 
3’ end) of the capsid gene of Hawaii virus were ligated together as explained in the 
text. Sequencing was performed to check whether the reading frame was still correct. 
The sequencing was performed in three stages. In the first stage (red), universal 
forward primer was used which sequenced up to the Kpn-I site GGT ACC, 
(underlined). The DNA was cut with Kpn-I and the small band of 300bp deleted 
before the universal forward primer was used again (blue) to sequence through the 
joint (CTGCAGCCCTCA) of the two constant regions. Universal reverse primer 
was used to sequence the 5’ end of the gene (black). The first few amino acids 
(green) up to Sph-I site GCA TGC, (underlined) were those of the pTTBlue vector. 
The 5’ end of the capsid gene started with Pst-I site CTG CAG, (bolden black). The 
deletion of the variable region resulted in the insertion of an artificial glutamine 
residue CAG, (in italic) at the junction of the two constant regions which does not 
have significant effects on the reading frame.
1 0 1
Pst-I EcoR-I Pst-I Sma-I
Kpn-I
905bp
200 625 300
EcoR- Kpn-I
2900
Figure 4.9e. The truncated capsid gene of Hawaii virus was sequenced in three 
stages as explained in the text. For the second stage, the DNA was cut with 
Kpn-I to delete 300bp then self ligated before sequencing again with Universal 
forward primer as explained in the text. The figure above shows the position 
of the Kpn-I site in both the insert and the pT7Blue vector. Cutting with 
Kpn-I produced two bands of 300bp and 3805bp
The final stage in this expression process was to transfer the construct to the 
baculovirus shuttle vector pAcHLT-A such that the 5' terminus of the gene is fused 
in fi*ame with the His-tag. In order to achieve this, the completed construct was cut 
with Hindm then polished with T4 DNA polymerase and cut again with Sac-I to 
release the 3’ end, neither of these enzymes digest within the insert. The released 
DNA (approximately 1200bp) was then gel-extracted and ligated to pAcHLT-A 
Vector (cut with Sac-I and then with Stu-I) in the ratio of 3:1 molar excess over 
insert. This procedure should permit the insertion of the construct using the Sac-I site 
at the 5' end and compatible (blunt) termini at the 3' end. 5 colonies were initially 
checked. The DNA was digested with EcoR-I and BamHI in a double digest (figure 
4.10). Recombinants assembled correctly should yield three bands by this process; 
lOOSbp, SlOObp and a small band of 200bp which in most cases will run off the gel 
(figure 4.11). Only two clones gave the desired pattern (figure 4.10).
The above two clones underwent a final verification by sequencing. A primer was 
selected (5’ATTTTGACCGGTTAGAGGGGCGGC3’) which annealed between 
position 896 and 919 of the capsid gene of Hawaii virus. Sequence determination 
(figure 4.11b) confirmed the fi*ame of the new construct (black) was correct and the 
joint between the new construct and the pAcHLT-A vector (Red) was as expected 
with the Pst-I site CTGCAG intact. The 5’ end terminus of the gene ATG AAG 
ATG (black and underlined), was fused correctly with the His tag (in red and 
underlined). The first few amino acids of the I200bp clone (green) were those of the 
polished Hindm and Sph-I of the previous vector (pT7Blue vector) which had
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Figure 4.10. 1.2% TBE gel showing a double digest with EcoR-I and BamHI 
as explained in the text. Two clones (lanes 1 and 2) out of five gave the desired 
orientation of 1005bp for the insert and SlOObp for the pAcHLT-A vector. A 
smaller band of 200bp run off the gel. M was EcoR-I/Hindlll lambda marker
Pst-I EcoR-I
Sma-I
200 625 380
EcoR-I BamHI
8100
Figure 4.11. To express the truncated capsid gene (1200bp) of the recombinant 
Hawaii virus in Sf21 cells, the DNA was ligated into the pAcHLT-A baculovirus 
expression vector as explained in the text. After transformation, and the miniprep 
preparation, the DNA was cut with EcoR-I and Bam HI simultaneously. The 
recombinants which had assembled correctly should yield 3 bands of lOOSbp, 
SlOObp and 200bp as represented in the figure above. Two clones producing 
these three bands were selected for sequencing.
ATG TCC CCT ATA GAT CCG ATG GGA CAT CAT CAT CAT CAT CAC
M S P I D P M G H H H H H H
GGA AGG AGA AGG GCC AGT GTT GCG GCG GGA ATT TTG GTC CCT
G R R R A S V A A G I L V P
CGT GGA AGC CCA GGA CTC GAT GGC ATA TGC TCG ATC GAG GAA
R G S P G L D G I C S I E E
TTC AGG AGC TTG CAT GCC TGC AGC ATG AAG ATG GCG TCG AAT
F R S L H A C S M K M A S N
GAC GCC GCC CCA TCT AAT GAT GGT GCA GCC GGT CTC GTA CCA
D A A P S N D G A A G L V P
GAG GTC AAC AAC GAG ACG ATG GCC CTC GAA CCG GTG GCT GGG
E V N N E T M A L E P V A G
Figure 4.11b. Inorder to express the conserved region of the Hawaii capsid virus in 
SfZl cells, the conserved region explained above (figures 4.10 and 4.11) was ligated 
into pAcHLT-A baculovirus expression vector as explained in the text. The resulting 
product was sequenced to check whether the 5’ end of the gene fiised in frame with 
the His A tag and the figure above shows the sequencing results. The amino acids in 
red are those of the pAcHLT-A vector which starts with the polyhedrin promoter; 
the His A tag (CAT CAT CAT CAT CAT CAC) is underlined. The 5’ end of the 
conserved region of Hawaii capsid gene (black) was fused to the pAcHLT-A vector 
through the Sph-I and HindDI sites (green) of the pTTBlue vector which the 
conserved region had acquired when it was cloned into it as earlier described. The 
sequence ended at position 886 of the capsid gene of Hawaii virus sequence 
accession number U07611 deposited in the database.
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previously been used to join the two constant regions together.
4.5. TRANSFECTION
Transfection was carried out as described earlier and colourless plaques were picked 
and grown to form a stock of virus in SfZl cells. The presence of 44K protein was 
checked in both the cells and the medium. A 4IK protein was induced in the cells 
from day 3 to day 5 (figure 4.12) but could not be detected in the medium. The 
protein did not seem to be released into the medium.
The next step was to check whether virus-like particles were being formed by this 
new construct without the variable region. Since the protein was not being released 
into the medium, the method which had earlier been applied for the full length 
capsid gene could not be used. Different methods were designed to extract the VLPs 
from the SfZl cells without damaging the morphology of the VLPs. These methods 
were standing the cells on ice for 30 minutes to three hours, use of 1/100 NP40 and 
freeze and thaw. Freeze and thaw was found to be the best and was thus the method 
used. However, VLPs were not observed either because the particles extracted with 
this method were too few or maybe the variable region was required for the VLPs to 
reassemble.
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80K ----►
42.7K----►
31.5K
M
Figure 4.12. 10% SDS gel showing the truncated gene (without the 
variable region) in Sf21 cells stained wih Coomassie stain.
M Kaleidoscope prestained standard marker (BIO-RAD).
1 negative control (uninfected Sf21 cells)
2- Positive control showing 58K protein
3-Negative control (Uninfected TCI00 medium)
4 to 6 were samples taken after day 3, 4 and 5 respectively (post 
infection). In these days, a 41K protein band was observed.
The molecular weights are in KDa.
CHAPTER 5
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5.1. DISCUSSION
Although Norwalk virus was first seen by immunoelectron microscopy in 1972, 
progress in understanding the molecular biology and replication strategy of this 
virus has lagged behind because of lack of a cell culture system or an animal 
model. Norwalk and Norwalk-like viruses are unable to infect any of the usual 
experimental animals except chimpanzees, and even these, they undergo only an 
asymptomatic infection (Kapikian et al, 1996). The relationship of the Norwalk- 
like viruses to other members of the calicivirus family has been the subject of 
much debate in the past. However, recent molecular studies of porcine and bovine 
caliciviruses have shown them to be closely related to group 2 Norwalk-like 
viruses (Sugieda et al, 1998, Liu et al, 1999). This close similarity suggests that 
these viruses may share a common ancestor. Early studies with Norwalk-like 
viruses indicated that the likely target cells for virus replication for the human 
enteric viruses are the enterocytes of the small intestine. Bovine enteric 
caliciviruses also replicate in enterocytes of the small intestine. This similarity in 
tissue tropism between the Norwalk-like viruses and the Bovine enteric 
caliciviruses may lead to a good and readily available model system for 
investigation of the pathogenesis of enteric caliciviruses as it is easier to get fresh, 
healthy bovine small intestine than it is to get human small intestine tissues. The 
only enteric calicivirus which has been shown to replicate in cell culture is 
porcine enteric calicivirus isolated in the United States of America (Flynn and 
Saif, 1988; Parwani et al, 1990). This virus was propagated in primary porcine 
kidney cells and the replication occurred only in the presence of duodenal juice
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from uninfected piglets. This suggests that the lack of specific extracellular 
factors present in the gut in vivo might limit replication in vitro
In view of these difficulties in virus culture, the synthesis of foreign proteins in 
the baculovirus expression system has proved to be an excellent technique for 
producing large quantities of protein (Emery et al, 1991). Proteins produced using 
the baculovirus expression system usually preserve the biological properties of 
their native counterparts, and antibodies raised against the expressed proteins are 
usually able to recognise the native antigens in appropriate assays. This is not true 
of proteins expressed in prokaryotic systems. Conversely, the expressed proteins 
can be used with some degree of certainty for the detection of specific antibodies 
in biological samples. The cloning of the Norwalk virus genome into the 
baculovirus expression system (Jiang et al, 1992a) and the expression of the 
capsid protein was a landmark in the study of Norwalk and Norwalk-like viruses. 
Laboratory diagnosis relies largely upon electron microscopy which requires a 
high number of virus particles to be present in the faecal specimens (10^ to 10  ^
particles per gram) but the low levels of virus shed during infection, and the 
fuzzy appearance they may possess, makes this technique technically demanding 
as well as expensive. Norwalk virus capsid protein is produced in two forms in 
infection: some is present as the structural material of the released virions, 
particle associated capsid protein; other molecules are present in a soluble form, 
soluble capsid protein (Greenberg et al, 1981). It is estimated that as much as 
50% of the virus antigen shed in stool is soluble protein. Norwalk and Norwalk- 
like viruses are stable at pH 3.0 for ten minutes but unstable at pH 8.5 to 10.0. At 
pH above 8.5, the assembled 58K protein unfolds into soluble protein (Hardy et
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al, 1995). It may be that a large percentage of the virus released from the infected 
cells in the intestines is dissociated as it is excreted into a more alkaline 
environment. Electron microscopy requires particles and thus can only detect 
particle-associated capsid protein. ELISA based assays should be able to detect 
both soluble and particle -associated protein, meaning that more protein would be 
available for detection in each sample. However, these approaches require a 
broadly reactive antibody for an initial screen and most sera are predominantly 
type-specific. An alternative to both these approaches is the use of nucleic acid 
based methods and RT-PCR has been introduced. When used with broadly 
reacting primers, this method may detect up to 90% of Small round Structured 
virus strains circulating in the united Kingdom (Maguire et al, 1999).
When the 58K protein was purified and examined under electron microscope, 
virus-like particles were observed and stain-penetrated into the particles 
suggesting that they may be empty and lack nucleic acid content. This confirmed 
the previous study by Jiang et al, (1992a) that the 58K protein could self-form 
into virus-like particles. The particles were of two sizes (with the larger size 
being predominant). White et al, (1996) had also described the presence of two 
sizes of Norwalk-like virus particles with the larger predominating. These 
workers compared the composition of the two forms by SDS gel electrophoresis 
and protein immunoblot. Virus-like particles of both sizes showed a protein 
doublet at 58K, the size of the full length capsid protein. Upon alkaline treatment, 
the smaller form of VLP underwent reversible dissociation into soluble 
intermediates. On reassembly both sizes of VLP were again formed suggesting
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that the assembly of both types of structures have a common pathway. They also 
examined immunoprécipitation assays using polyclonal and monoclonal 
antibodies and they observed that both immunodominant and conformational 
epitopes were conserved in the two types of particles which are similar 
antigenically. Comparison of computer reconstructed images of rNV and a 
primate calicivirus virion containing genomic RNA, at 2.2nm resolution indicated 
that the absence of nucleic acid in the rNV does not alter the general domain 
organisation of the capsid proteins making up the particle (Prasad et al, 1994).
Viral particles of two sizes have also been described in liver homogenates of 
rabbits and hares infected with the animal caliciviruses, rabbit haemorrhagic 
disease virus (RHDV) and European brown hare syndrome virus (Granzow et al 
1996). This is in contrast to the two sizes of particle formed by Hawaii virus. In 
RHDV and EBHS V, the smaller particles or core-like particles are composed of a 
smaller (3 OK) protein that has been reported to represent the N terminus of the 
capsid protein; these particles appear smooth under the electron microscope and 
have very different antigenic properties from the larger form. In particular, many 
neutralising antibodies can no longer recognise the smaller protein, indicating 
that the epitopes to which they were raised are either hidden or deleted. The 
larger form is composed of the full length capsid protein (VP60) and has a typical 
calicivirus morphology with cup-like depressions. The characteristics of the small 
core-like particles suggest that they are formed by a different mechanism than 
that of the smaller form of Norwalk-like virus described above. They may be 
formed by proteolytic cleavage or by expression of a truncated capsid protein
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resulting in smooth, archless structures which can explain their small form and 
smooth appearance. Both mechanisms have been proposed (Granzow et al, 1996). 
In the livers of rabbits infected with the Rabbit haemorrhagic disease virus, the 
proportion of the small particles to the typical calicivirus particles has been 
shown to depend on both the course of the disease and the age of the rabbits. In 
acute rabbit haemorrhagic disease, few core-like particles have been detected 
relative to the high number of typical calicivirus particles. On the other hand, 
prolonged disease is more typical of young rabbits which often survive. This is 
associated with the production of only the smaller form of the virus. Viruses of 
this type appear not to be present in Norwalk virus infection, where any 
proteolysis of the capsid protein takes place on the soluble form only (Hardy et 
al., 1995). Thus it is possible that if particles of this sort could be manufactured, 
they might induce a beneficial immune response and thus be suitable for vaccine 
development. It is not known at present whether the presence and relative 
proportion of the smaller Hawaii virus particles described in this study have any 
impact on the outcome of the disease. Hardy et al, (1995) suggested that the 
soluble protein may influence the immune response and the clinical outcome of 
Norwalk virus infection. It may be that a large amount of soluble protein induces 
antibodies that are non neutralising and these may be the predominant antibodies 
produced following infection. This could offer an explanation for the absence of a 
protective effect of pre-challenge antibody.
Purified 58K protein was used to immunise a rabbit. The resulting serum from the 
rabbit was tested for potency by use of immunofluorescence and Western blot
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and was found to be reactive. The serum was also found to be very potent by 
Western blot as it was reactive at a very high dilution of 1:10,000 at room 
temperature for one hour. This is advantageous to the laboratory as a very small 
amount of the antibody can be used for many experiments.
Hardy et al, (1995) had used trypsin and chymotrypsin to digest rNV and they 
found out that the 58K protein was broken down to 40K, 35K, 32K, 30K and 32K 
being the predominant protein. In this study, papain, bromelain and chymotrypsin 
enzymes were used to digest the 58K protein. Bromelain was found to be the best 
among the enzymes we used as it was the most potent at a higher dilution than the 
others. It was found out that the 58K protein was broken down to 43K, 41K and 
34K. It was also observed that putting the samples in ice, at -20°C, dry ice, 
cocktail and aprotinin inhibitors could not stop the virus/enzyme reaction. 
However, the reaction could be stopped by 2x sample buffer. For this study to 
continue, the reaction needed to be stopped at the desired point without 
interfering with the morphology of the protein. 2x sample buffer interferes with 
the protein. Jiang et al, (1992) had also found a minor 34K protein in infected 
insect cells. They compared the N-terminal amino acid sequencing of the 58K 
protein and the 34K protein. They found out that the first 10 amino acids of the 
amino terminus of the 34K protein were identical to the 10 amino acids between 
amino acid (aa) 217 and 226 of the 58K protein.
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Figure 5.1. The figure above is showing the relationship between the 58K and 34K 
proteins as explained in the text. The amino acid sequence of the 34K protein matched 
the 10 amino acid of the 58K protein between ammo acid 217 to 226 suggesting that the 
34K protein was a cleavage product of the 58K protein (Jiang et al, 1993).
The region of the capsid protein that induces neutralising antibodies is not known 
because of the lack of an in v/fra virus neutralisation assay. The capsid gene of 
the Hawaii virus was amplified and then cloned into pAcHLT-A (His A) vector 
and eventually expressed in Sf21 cells. This protein was cell associated and was 
not released into the medium or it may be that a lot of virus particles were needed 
for their detection by SDS gel electrophoresis and Western blot. An attempt was 
made to extract the virus-like particles from the Sf21 cells and to detect them by 
electron microscopy; unfortunately this was unsuccessful. It may be that the His 
tag prevented the protein from assembling into particles. Protein-protein 
interactions more than RNA-protein interactions may be responsible for 
assembling the correct Norwalk and Norwalk-like capsid structure or it may be 
that a much greater sample of infected Sf21 cells manufacturing this construct are 
required for the detection.
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In this study, the hypervariable region (395bp) of the Hawaii virus capsid gene 
was removed by PCR and the two constant regions (825bp from the 5’ end and 
380bp from the 3’ end) ligated together. This new construct is expressed as a 4 IK 
protein in Sf21 cells, although this protein is not released into the medium, or 
only released in very low amounts, undetectable by both Coomassie stain and 
Western blot. An attempt was also made to extract virus-like particles from the 
infected Sf21 cells but even if the protein could be detected by SDS gel stained 
with Coomassie stain, virus-like particles were not detected. This could be due to 
either the deletion of the variable region, or the His tag itself may have reduced 
the efficiency with which the VLPs are able to form. Thus if particles are made at 
all, they may be present in very low amounts. The deletion reaction did result in 
the insertion of an artificial glutamine residue at the junction of the two 
conserved sections. This was not believed to have significant effects, but the 
junction is followed immediately by a proline residue derived from the 3' 
conserved region. Prolines are not strictly an amino acid but an imino acid; these 
residues thus distort the polypeptide chain. Thus the removal of this residue to an 
effective position more 5' in the sequence could induce the sequence at an 
unsuitable point which might prevent the capsid protein from adopting the correct 
conformation for particle assembly.
5.2. CONCLUSIONS AND FUTURE STUDIES
This work indicated that partial proteolysis may not be a suitable means of 
producing smooth particles of Hawaii virus resembling the core-like structures 
seen in RHDV infection. The genetic approach was also explored and this
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approach successfully produced truncated proteins, which could not be 
demonstrated to form particle structures. At present we cannot tell whether the 
apparent inability to form particles results from distortion of the protein chain 
caused by the internal deletion of coding sequences, or from a deleterious effect 
of the histidine tag. Future work should investigate this possibility and also purify 
the recombinant protein by its affinity tag. This should be used to make antisera 
directed to the more conserved regions of the capsid protein of Hawaii virus. The 
antisera produced should be tested against the full length capsid protein, the 
truncated form and if it is found reactive, then it should be tested against more 
isolates from different geographical areas and eventually should be used to test 
for the presence of Norwalk and other Norwalk-like agents in diagnostic and 
research laboratories. Immunoelectron microscopy should also be used to check 
on the presence of virus like particles since this is more sensitive than electron 
microscopy.
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APPENDIX 1
BDH Chemicals Ltd
Ammonium acetate (AnalaR); ortho-boric acid (AnalaR); Bromophenol blue; Butan- 
2-ol; Calcium chloride 6-hydrate; Chloroform;Propan-2-ol; Formaldehyde; Liquid 
paraffin; Magnesium chloride 6-hydrate (AnalaR); Polyethylene glycol; Sodium 
hydroxide (AnalaR); Sodium acetate anhydrous (AnalaR); Phenol (AnalaR).
Biorad
Pre-stained protein molecular weight markers.
Boehringer Mannheim
Calf intestine alkaline phosphatase; Restriction enzymes and lOx buffers; 
Ribonuclease A;
Fuji photo film Co. Ltd.
X-ray RX film.
Genosys Biotechnologies 
Oligonucleotide primers.
Gibco BRL
Electophoresis grade agarose, Bacteriophage lambda DNA,
May and Bayker
All solvents: chloroform, ethanol, glacial acetic acid, methanol.
Novagen
pT7Blue(R) vector.
Phamacia Biotech
T4 DNA polymerase; T4 DNA ligase; restriction enzymes and lOX buffers.
Pierce
Luminescent substrate.
Pharmingen
PAcHLT-A vector
Quiagen
QIA quick gel extraction kit.
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Schleicher and Schuell
Nitrocellulose membranes.
Sigma Chemicals Ltd.
Acrylamide; Ammonium persulfate; Ampicillin; Bovine serum albumin; Coomassie 
brilliant blue; Dithiothreitol (DTT); Ethidium bromide; EOT A; Fetal calf serum; 
Formamide; Isopropyl p-D-thiogalactopyranoside (IPTG); 5-bromo-4-chloro-3- 
indolyl-p-D-galactopyranoside (X-gal); 2-mercaptoethanol; N,N,N’N ’-tetramethyl 
ethylenediamine (TEMED); Protein molecular weight makers; Anti mouse IgG 
peroxidase conjugate; Bromelain; Chymotrypsin; Papain; Elastase
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APPENDIX 2 
GENERAL SOLUTIONS 
4M Ammonium Acetate
4M Ammonium acetate was prepared in distilled water and sterilised by filtration. 
3M Sodium acetate
3M sodium acetate was prepared in distilled water, and pH was adjusted to 5.2 with 
glacial acetic acid and sterilised by autoclaving 
NT buffer
lOOmM Sodium chloride 
lOmM Tris-HCL, pH 7.4
5-bromo-4-chloro-3-indolyl-B-D-galactoside (X-Gal)
X-Gal was prepared at 2% in dimethyl formamide and stored at -20°C. 
Isopropyl-thio-B-D-galactoside (IPTG)
IM IPTG was prepared in distilled water and stored at -20°C in 1ml aliquots. 
Ampicillin
Ampicillin was made at 25mg/ml in distilled water and stored at -20°C 
Sodium dodecyl sulphate (SDS)
20% SDS was prepared with electrophoresis grade SDS in distilled water and 
sterilised by autoclaving
Phosphate buffered saline (PBS) (Oxoid, Unipath Ltd)
PBS tablets were used according to the manufacturer’s specifications
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lOx calf Intestinal Phosphatase buffer
0.5M Tris pH 9.0
lOmM MgCH
lOmM spermidine
Ezyme buffer (for proteolysis)
IM Tris 2ml
0.2M EDTA lOOjLil
IM DTT 1ml
Distilled water to 20ml
Virus buffer (for proteolysis)
IM Tris 2ml
0.2M EDTA 100)11
Distilled water to 10ml
CULTURE MEDIA SOLUTIONS 
Growth medium for Sf21 cells (per 100 ml) 
IxTClOO (Gibco) 88ml
Penicillin+streptomycin (Gibco) 1ml
Glutamine (Gibco) 1ml
Heat inactivated foetal calf serum 10ml
Sf21 Freezing medium
Sf21 cell growth medium 10ml
Heat inactivated foetal calf serum 1ml
Dimethyl sulphoxide 1ml
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Buffer C
5M Sodium chloride 4.8ml
IM Tris pH 7.5 10ml
10% nonidet P40 10ml
Made up 200ml with distilled water, sterilised by filtration and stored at 4°C until 
when needed.
2x YT medium
B actotryptone 16g
Yeast extract lOg
Sodium chloride lOg
Distilled water to 1 litre
Bacterial agar plates
Bactoagar was dissolved to a final concentration of 1.2% in 2x YT medium by 
boiling. It was coolled to 50°C before adding 50|Xl/ml ampicillin and if required X- 
Gal and IPTG.
Transformation buffer
Pipes lOmM
Calcium chloride 15mM
Potassium chloride 250mM
All the above were mixed, pH adjusted to 6.7 with Potassium hydroxide, and finally 
55mM Manganese chloride was added.
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SOB medium
B actotryptone 20g
Bacto-yeast extract 5g
Sodium chloride 0.5g
250mM potassium chloride 10ml
Distilled water to 1 litre
pH was adjusted to pH7.0 with Sodium hydroxide. The media was autoclaved and 
then 2M MgCl2 was added.
REAGENTS FOR GEL ELECTROPHORESIS FOR NUCLEIC ACIDS 
Ethidium bromide
lOOmg tablet was dissolved in distilled water and it was used at 0.5|Lig/ml in agarose
gels and running buffer. This compound is classified as a mutagen and was handled
with precautions.
lOx TBE running buffer
89mM Tris-base,
89mM boric acid,
2.5mM EDTA 
2x TBE sample buffer
lOx TBE running buffer 4mls
Glycerol 4mls
Distilled water 12mls
Bromophenol blue dye (Sigma)
Xylene cyanol FF dye (Sigma)
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REAGENTS FOR SDS GEL ELECTROPHORESIS
4% Stacking Gel
Water (in mis)
AX2 (0.75M Tris pH 8. 8) (in mis)
BX2 (0.25M Tris, pH6.8) (in mis)
Acrylamide:biacrylamide (in mis) (40% stock)
De-aerate, then add;
20% SDS (in 111)
Ammonium persulphate (2omg/ml) (in pi)
emed (in pi)
3.8 5.0
5.0
7.6 1.0
SDS-PAGE sample buffer
0.25M Tris-HCl, pH 6.8 5.Omis
20% SDS 2mls
Glycerol 4g
2-Mercaptoethanol 0.5ml
1 % bromophenol blue 0.1ml
Distilled water to lOmls
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Tris-Glycine electrophoresis running buffer
Tris 3.02g
Glycine 14.44g
20% SDS 5.0mls
Distilled water 
Coomassie stain 
Kenacid brilliant blue 
Propan-2-ol 
Acetic acid 
Distilled water 
Destaining solution 
Propan-2-ol 
Acetic acid 
Distilled water
REAGENTS FOR WESTERN BLOT 
Transfer buffer
25mM Tris 
192mM Glycine 
20% Methanol 
lOx wash buffer 
Tris
Sodium chloride
to 1 litre
1.25g
125mls
50mls
325mls
125mls
50mls
325mls
48.4g
160g
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Made up to 1800ml with distilled water, adjusted pH to 7.6 then added
Tween 20 20ml
and made up the volume to 2 litres with distilled water, stored at 4°C
used at Ix dilution
Blocking solution
5% milk (dried milk powder. Marvel) in wash buffer
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APPENDIX 3 
SINGLE LETTER AMINO ACID CODE
A Alanine
C Cysteine
D Aspartic acid
E Glutamic acid
F Phenylalanine
G Glycine
H Histidine
I Isoleucine
K Lysine
L Leucine
M Methionine
N Asparagine
P Proline
Q Glutamine
R Arginine
S Serine
T Threonine
V Valine
W Tryptophan
Y Tyrosine
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